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CHAPTER 1 Introduction 
 
 
This chapter describes the background, objectives, and outline of this thesis. 
 
1.1 Background 
1.1.1 To apply polymer matrix composites to high temperature parts  
Usage of composite materials in aerospace industry is increasingly expanding in 
recent decades. In the large scale civil transport such as the Boeing 787, the polymer 
matrix composites (PMCs) comprises 50 % of airframe structure. To improve economic 
viability, the requirement of weight reduction would lead to replace a conventional 
structure which is still made of a metal such as around engine structure with a PMCs 
structure. These commercial aircraft were a subsonic aircraft and made of a 
conventional carbon fiber/epoxy based composites. A supersonic transport (SST) has 
been expected to develop in the recent decades and has not yet been realized due to 
economic and technological difficulties excepting Concord. The structure of concord 
was mainly made of aluminum alloy. For the hot parts such as the engine and the 
leading edge, titanium and steel alloys were used. For a future SST development, it 
must be considered that whether economic viability and environmental feasibility could 
satisfy the demand of an operator and an authority. From the view point of satisfying 
these demands and the service condition of the SST, heat resistant PMCs such as carbon 
fiber reinforced plastics (CFRP) must be applied to the airframe. Figure 1.1.1 shows 
skin temperature estimate [1-1]. When aircraft cruise speed of an aircraft is more than 
Mach 2, the increase in the skin temperature due to aerodynamic heating must be 
considered. When the cruise speed of an SST is around Mach 2.4, the skin temperature 
was estimated approximately 180 °C or more. In this case the aircraft structure would 
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face high temperature environment and the material must endure high temperature 
exposure for a long service time. 
 
Figure 1.1.1 Skin temperature estimate [1-1]. 
 
Table 1.1.1 shows the classes of matrix resins [1-2]. In the table, resins with the glass 
transition temperature more than 200 ºC are candidate. In those resin, one of the heat 
resistant resins, “polycyanate ester (cyanate ester)” was focused in this study. Because 
polycyanate has better properties like processability, water absorption characteristic, and 
high glass transition temperature (Tg) compared with other resins. However the 
polycyanate is newcomer material compared with other heat resistant resin such as a 
polyimide and bismaleimide system. Since their CFRP in aircraft structure must 
withstand high temperature environment for a long term, the mechanism of 
thermo-oxidative degradation in the CFRP must be revealed. Thus the effect of 
thermo-oxidative degradation on the CFRP was investigated in this study. On the other 
hand, a candidate material for a SST may be required to reduce both evaluation time and 
structural design risks.  
Cruise speed (Mach Number) 
Mach 2.4 
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Table 1.1.1 Classes of matrix resins [1-2]. 
 
Figure 1.1.2 shows building block approach. In this procedure, a lot of tests are 
programmed and the period between coupon and component tests would be a long span. 
Despite of the stage of selecting material from the candidate, it means that long period 
to evaluate material is needed. Thus, this study proposed an accelerated testing method 
by means of increasing pressure to evaluate the deterioration of properties due to thermo 
oxidation.  
 
 
Figure 1.1.2 Building block approach.  
Resin Type 
Dry
 (°C)
Wet
 (°C)
Processing
temperature
(°C)
Default
elevated
temperature※1
 (°C)
Typical use
temperature,
(°C)
Vinyl ester 130 120 20-180 104 20
Epoxy 199 140 20-180 104 20-100
Cyanate ester 232 - 135-200 - 100
Bismaleimide 296 210 177-204 177 200
Polyimides - - - 288 -
PMR 338 - 316 - 232
Thermoplastic 340 - 350 - 177
※1 MIL-HDBK-17 test recommendations
Typical Tg
Coupons
Elemenst
Details
Sub Components
Components of Full Scales
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The most outstanding feature of this study is conducting comprehensive isothermal 
aging test and followed mechanical test for the polycyanate neat resin and their CFRP to 
investigate thermo-oxidative degradation with an accelerated testing. In order to 
evaluate susceptibility of CFRP to thermo-oxidative environment, change in weight, 
chemical (IR spectra) properties, mechanical properties, and damage behavior with 
microscopic and macroscopic scale were investigated.  
  
1.1.2 Trends in research and development of the last few decades for heat resistant 
CFRP 
Research and development program for a SST in the United States of America was 
terminated in the early 1970s, national aeronautics and space administration (NASA) 
started the high-speed civil transport (HSCT) program. In the subsequent high speed 
research (HSR) program began in 1985 as phase 1, approximately 2,300M$ budget was 
set for the next generation SST. The phase 2 research program was started in 1990. In 
the program, the cruise speed of the assumed aircraft was more than Mach 2.4. This 
SST was assumed to be developed within a period of 20-25 years. However, due to 
withdrawal of Boeing from the program, it was canceled in 1999. In the HSR program, 
some FRP which was made of polyimide-based heat resistant resin such as PETI-5 and 
hybrid material which was composed of titanium foil and FRP were evaluated. However 
planned course was canceled, so the long-term high temperature exposure test assuming 
a real-life time was also canceled. Furthermore it had been reported that these materials 
had to require further improvement as products [1-3].  
 Research and development program for developing the SST in Japan, had been 
conducted since 1989. This program was conducted for material and structure. Since 
1995 to 1997, the coupon test of heat resistant CFRPs with polyimide (PI) (PETI-5, 
PIXA-M) and bismaleimide (BMI) was carried out. In the subsequent program that had 
been started since 1998 considered long-term durability of heat resistant CFRP. 
Long-term high temperature exposure tests for CFRP with BMI (MR50K/MR2000N, 
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IM7/5260) was carried out at 121 and 149 ºC up to 10,000 h. CFRP with PI was also 
evaluated at 121, 149, and 177 ºC up to 10,000 h. Change in physical properties (weight 
loss and Tg), chemical properties (IR spectra), mechanical properties (Open Hole 
Compressive strength: OHC, Compression After Impact: CAI) were investigated. For 
some test conditions among them, micro cracks onset were observed. On the contrary, it 
was reported that the effect of micro cracks on mechanical properties were not so much. 
And there are no variations in thermal, chemical, and mechanical properties. For the 
practical usage in the future, the development of material, manufacturing, and design 
technology had been continued on PI (PETI-5, PIXA) and BMI (5250, 5260) CFRPs.  
Recently, the Japanese-French cooperation on technology for a future SST under the 
SJAC-GIFAS frame agreement had been concluded since 2005. Subsequently joint 
research program since 2007 had been carried out by Japan aerospace exploration 
agency (JAXA) , the French aerospace agency (ONERA), Mitsubishi heavy industries 
(MHI) and the European aeronautic defense and space company innovation works 
(EADS-IW)．In the program, isothermal aging tests were carried out for two types of 
BMI CFRP (MR50K/2020, IM7/M65) at 150, 180, and 200 ºC up to 10,000 h. Tg and 
IR spectra change, double cantilever beam (DCB) test, tensile (off-axis), and 
compressive test for quasi-isotropic laminates with and without hole were investigated 
[1-4, 1-5]. Subsequent joint research program focused on CFRP with PI. In the program, 
the investigation of the residual strength after long-term high temperature exposure up 
to 10,000 h and thermal cycles were reported. However the detail about conducted tests 
was not disclosed. The program has been completed in 2014. Thus, now a day, the 
candidate material of a SST for their hot parts have been still investigated. Furthermore, 
evaluation procedure on high temperature exposure is also investigating in both 
isothermal aging and accelerated aging test techniques. The technology about heat 
resistant CFRP is one of the essential technologies in the aerospace industry. For 
research on the hear-resistant CFRP is a further need in the future.  
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1.1.3 Application of heat resistant CFRP 
In military aircraft, the airframe of U.S. Air Force F-22 fighter jet was a successful 
example to use BMI composites in their primary structure. The BMI was 5250-4 resin 
(CYTEC ENGINEERED MATERIALS INC) which had high temperature resistance 
and higher fracture toughness. It was applied to the primary structure of the main wing 
with resin transfer molding (RTM) technology. The study about the BMI with 5250-4 
resin is not a lot [1-6 to 1-10]. Furthermore the information of design temperature to 
exposure is, of course, not disclosed. As another example of heat resistant CFRP used in 
aircraft, Cycom 5575-2 cyanate ester (CYTEC ENGINEERED MATERIALS INC) 
CFRP was applied to the main wing of Dassault’s Rafale fighter jet [1-11]. Figure 1.1.3 
shows the aft flap hinge fairing of Boeing C-17 made of BMI CFRP [1-12]. In 
commercial aircraft, Hexcel’s F655 BMI was used as the Gulfstream G-450 thrust 
reverser [1-13, 1-14]. Figure 1.1.4 shows a production demonstrator of the skin-stringer 
panel for a fuselage [1-15] which was made of high toughness PETI-5 [1-16] resin and 
carbon fiber (IM-7) composites. Figure 1.1.5 shows a production demonstrator of 
horn-fitting for horizontal stabilizer of 3-dimensional preform and used RTM technique 
with PCy based composite [1-17 to 1-19].  
 
 
Figure 1.1.3 Aft flap hinge fairings of C-17. 
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Figure 1.1.4 Production demonstrator of the skin-stringer panel for a fuselage made of a 
PETI-5/IM-7 composite [1-15]. 
 
 
 
Figure 1.1.5 Production demonstrator of horn-fitting for horizontal stabilizer of 
3-dimensional preform and used RTM technique with PCy based composite  
[1-16 to 1-18]. 
Cylinder 
Rod Horn Fitting 
Demonstrator of Horizontal Stabilizer 
Fitting 
Horizontal Stabilizer 
 
Horn Fitting 
 
Actuator 
 Torque Tube 
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Figure 1.1.6 shows predicted equilibrium skin temperatures (°F) for a Mach 2.4 
HSCT [1-20]. In the HSCT program, the estimation of the cruise speed was around 
Mach 2 to 2.4. In the future vision of JAXA (JAXA 2025), the cruise speed of a future 
SST is more than Mach 2. Thus the cruise speed is approximately Mach 2 or more is a 
common view of a future SST. In that case, the skin might endure for high temperature 
environment between 150 ºC and 180 ºC. Figure 1.1.7 shows the estimated thermal 
stability of potential SST structural materials [1-20]. In the figure, the basic polymer 
systems for a SST applications can above 120 ºC were more limited than at lower 
temperatures. On the other hand, the maximum temperature excepting nose radome was 
estimated approximately 180 ºC. When the service temperature of PMCs can achieve at 
180 ºC and more, almost air craft structure excepting landing gear will be candidate for 
the application of the CFRP. 
 
 
 
Figure 1.1.6 Predicted equilibrium skin temperatures for a Mach 2.4 HSCT [1-19]. 
 
370 ºF
188 ºC
350 ºF
176 ºC
350 ºF
176 ºC
350 ºF
176 ºC
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160 ºC
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310 ºF
154 ºC
300 ºF
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Lower surface 
Upper surface 
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Figure 1.1.7 Estimated thermal stability of potential SST and HSCT structural materials 
[1-19] . 
 
1.2 Heat-resistant resins 
1.2.1 Polyimide, bismaleimide, and other heat-resistant resins 
Heat resistant CFRP have been extensively studied to understand thermo-oxidative 
degradation and to achieve the goal that is being an application. Table 1.2.1 shows the 
previous study of isothermal aging test for the neat resin and the CFRP. For 
thermosetting, it can be classified into four types of resin that were epoxy (EP), 
polyimide (PI), bismaleimide (BMI), and polycyanate ester (PCy). However 
conventional EP is lower capability in a high temperature. Thus the candidates of the 
usage in high temperature environment are the other three type of resin. 
PI has the most high temperature capability and some PI can employ at 300 ºC or 
above. Wherein developed in aerospace applications, CFRP with thermoplastic PI K3B 
[1-53, 1-55] and PIXA [1-54], and thermosetting PI PMR-15 [1-33, 1-36 to 1-39, 1-41, 
1-42] were well studied. The molding condition of CFRP with PMR-15 was difficult, 
cure cycle spans high temperature for a long time. Also it is necessary to process the 
38 93 149 204 260 316 371 
Temperature [ºC] 
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Table 1.2.1 Previous study of isothermal aging tests for the neat resin and the CFRP (Continued).  
 
  
Name Ref. Reinforced
Tg
(℃)
 Aging temerature
(°C)
Atomsphere
Aging
(hours)
Stacking Sequence Mechanical Test Objective Year
R. H Greer [1-21]
Glycidyl Armoatic Amine
Cycloaliphatic
T-300
AS
177 Air 9,000
[0/90/±45]S
[0/±45/90]2S
Flexture
Tension
Comprssion
SBS
Mechanical properties 1979
T. K. Tsotsis
et al.
[1-22]
[1-23]
[1-24]
922-1
R6376
G30-500 12K 188 177 Air
5000 [1-22]
10000 [1-23,1-24]
[0]6,
[±45]6,
[±302/90/90]S
[45/90/-45/0]3S
Tension
Compression
In-plane shear
Edge Delamination
OHC
DCB
ENF
CAI
Mechanical properties
Weight
1995 [1-22]
1998 [1-23], [1-24]
T. K. Tsotsis
et al.
[1-25]
[1-26]
3501-6
8552
AS4
IM7
121 Air (14.7psi, 50psi, 150psi, 250psi)
1000  [1-25]
5000  [1-26]
[±45]2S,
[45/0/-45/90]2S
In-plane Shear
OHC
Accelerated aging
Mechanical Properties
Weight
1999  [1-25]
2001 [1-26]
K. Chung
et al.
[1-27] F593 T300 187
170, 180,
190, 200
Air 600
[90]26, [0]26, [90]14, [0]14
[0/90]13S  [0]27
NA Weight 2000
X. Colin
et al.
[1-28] - NA 150, 180, 200
Air
Oxygen (0 to1 bar)
250 - Sheet Weight 2001
J. Decelle
et al.
[1-29] - NA -
120, 150,
180, 200
Vacuum
Oxygen
10000 - NA
Weight
Shrinkage
2003
I. Khodja
et al.
[1-30] - - 225 140, 160, 180 Air 9000 [0/±45/90]S
Compression
SBS
Weight
Mechanical properties
IR
2009
3900-2B T800S
982 MR50K
D. Q. Vu
et al.
[1-32] 977-2 IM7 - 150 Air  (up to 5 bars) 1000 ([0]40) NA Micro damage 2012
J. B. Nelson
[1-33]
[1-34]
[1-35]
PMR-15 Celion 6000 -
204, 232,
260, 288
Air
15000 [1-33]
25000 [1-34],
[1-35]
[0]11, [0]22
SBS
Flexure
Mechanical properties
Weight
1983 [1-33]
1984 [1-34], [1-35]
J. B. Nelson
[1-33]
[1-34]
[1-35]
LARC-160 Celion 6000 -
204, 232,
260, 288
Air
15000 [1-33]
25000 [1-34],
[1-35]
[0]11, [0]22
SBS
Flexure
Mechanical properties
Weight
1983 [1-33]
1984 [1-34], [1-35]
J. B. Nelson
[1-33]
[1-34]
[1-35]
RK-99 Celion 6000 -
204, 232,
260, 288
Air
15000 [1-33]
25000 [1-34], [1-35]
[0]11, [0]22
SBS
Flexure
Mechanical properties
Weight
1983 [1-33]
1984 [1-34], [1-35]
K. J. Bowles
et al.
[1-36] PMR-15 Celion 12000 - 316 Air 1,639 UD
ILSS
Flexture
Mechanical properties
Weight
1986
K. J. Bowles
et al.
[1-37] PMR-15 Celion 12000 -
288, 316,
329, 343
Air Over 16000 UD NA Weight 1988
K. J. Bowles
et al.
[1-38] PMR-15 - -
288, 316,
343
Air 4000 NA NA
Weight
Dimension
IR
1993
K. J. Bowles
et al.
[1-39] PMR-15
T650-35
(Fabric)
204, 260,
288, 316, 343
Air over 15000 8 harness Compression
Mechanical properties
Weight
1995
I. Salin et.al [1-40] Avmid V
T300
T650
G30-500
-
250, 260,
270
Air 400 to 700
UD (26 ply)
[0/45/90/-45]4S
NA Weight 1996
G.A. Schoeppner
et al.
[1-41] PMR-15 G30-500 - 288
Air
Argon
1,800 (Air)
2,600 (Argon)
[0]16 NA Weight 2006
PMR-15 NA -
288, 316,
343
Air
Argon (288 ºC)
196 (343 ºC）
49.5 （316  ºC)
1,556 (288  ºC)
AFR-PE-4 NA - 343 Air 1,200
G.P Tandon [1-43] - CF - 177 Air 2,000
[0]16, [0/±45/90]2S
[0/90]4S, [±45]2S
NA Damage growth 2011
[1-42]
165
82, 100,
120, 150
Air 10000
Thermo-oxidaive layer growth- NA
Quasi-Isotropic
 ±45°
NHC
OHC
DCB
Matrix
2008
E.R. Ripberger
et al.
Polyimide
2010
H. Katoh
et al.
[1-31]
Mechanical properties
Weight
Epoxy
10 
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Table 1.2.1 Previous study of isothermal aging tests for the neat resin and the CFRP 
Name Ref. Reinforced
Tg
(℃)
 Aging temerature
(°C) Atomsphere
Aging
(hours)
Stacking Sequence Mechanical Test Objective Year
R. J. Cano
et al.
[1-44]
Pheylethynyl-
Terminated Imide
PETI-330
PETI 9
IM7-6K (Fabric)
T650-35-3K
(Fabric)
I7-6K
(Fabiric)
177, 288 Air 1,000
[±45/(0/90)±45/(0/90)]2s
[±45/(0/90)±45/(0/90)]S
Compression
OHC
Mechanical properties 2013
T. Shimokawa
et al.
[1-45]
Thermoplastic-
polyimide
PI-SP T800H -
120
180
Air 5000, 10000, 15000
[45/0/-45/90]3S
[45/0/-45/90]4S
[0]20
OHT
OHC
SBS
Mechanical properties 1999
J.D. Nam
et al.
[1-46] Unknown IM7 - 290 Air 262
[90]26, [75]26
[50]26, [40]26
[15]26, [0]26
NA Weight 1992
I. Salin
et.al
[1-47] X5260 IM7 250, 260, 270 Air 400 to 700
UD(26 ply)
[0/45/90/-45]4S
NA Weight 1996
T. Shimokawa
et al.
[1-45]
5260
MR2000N
G40-800
MR50K
-
120
180
Air 5000, 10000, 15000
[45/0/-45/90]3S
[45/0/-45/90]4S
[0]20
OHT
OHC
SBS
Mechanical properties 1999
M. Akay
et al.
[1-6] 5250-4
T300
 (Plain Weaven)
T650-35
(Plain Weaven)
-
210,230,
250,(T300)
230(T650-35)
Air 2,016 -
ILSS
Sharpy
Mechanical properties 2003
Thermoplastic-
toughened
cyanate ester
954-2 IM8 230
Semicrystalline
 thermoplastic resin
ITX IM8 185
P. C. Yang et al. [1-49] XU71787.02 G40-800 204 (Dry and wet) Air 2000 UD
Bending
SBS
Mechanical properties 1991
Kobayashi
et al.
[1-50]
[1-51]
FSD-M-08178 T700SC 180, 195, 210 Air 1800 (Maximum)
[0/45/90/-45]2S
[0/45/90/-45]3S
[45/02/-45/902/-45/02/45/02]S
NHC [1-50]
OHT [1-50]
OHC [1-50]
DNS [1-51]
Mechanical properties
Weight
2008 [1-50]
2011 [1-51]
Takatoya
et al.
[1-52] FSD-M-08178
T700SC
 (3D Woven)
180, 195 Air 15000
[45/0/-45/90]3S
[45/0/-45/90/90/45/0/45]3
[45/02/-45/902/-45/02/45/02]S
NHT, NHC
OHT, OHC
DNS
Mechanical properties
Weight
Accelerated aging
2013
150 Air (14.7psi,2psi), Nitrogen 6480h Bending 1995
H. Parvatareddy
et al.
Mechanical properties
Polycyanate (Cyanate) ester
[1-48] [90]8
Bismaleimide
Matrix
11  
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hazardous gas properly, and complicated control of the pressure is needed during cure. 
Furthermore vapor onset during cure might be a cause for void formation. Therefore it 
is difficult to fabricate a complicated large scale structure with PMR-15 system. 
PETI-5 and PETI-330 versatile matrix resins by means of containing phenylethynyl 
groups were studied. These resins are resolved difficult molding. However these were 
newcomer resins and their research examples are a limited [1-16, 1-55]. In domestic 
development of the PI, the TriA-PI [1-56] resin has been developed in JAXA. In the 
future, these new resins will be also candidate as a primary structure of a SST for the 
application of heat resistant composites.  
 BMI is the most successful heat resistant resin as practical usage. Although the BMI is 
lower heat resistance than the PI, the BMI is a higher heat resistance than conventional 
EP resins. It also has the good processability similar to the EP. Thus it is promising as a 
heat resistant material for aerospace. In general BMI has lower toughness. Therby 
material development had been carried out. As a result, the 5250-4 resin has improved 
toughness and is available both prepreg and RTM. Thus the large size and complex 
shape of aircraft structure can be made of the resin and it is applied to F-22 main wing 
structure.  
PCy which is also called cyanate ester and cyanurate ester is relatively newcomer 
material and is expected as a candidate resin for high temperature applications because 
of their high heat resistance. In the next section, the PCy is focused. 
 
1.2.2 Polycyanate ester (PCy)  
 PCy is higher heat resistance than a conventional EP and same level heat resistance 
level of a BMI. The PCy is formed when three cyanate ester monomers containing the 
cyanurate (–O–C≡N) functional group undergo a thermally initiated cyclotrimerization 
reaction to form oxygen-linked triazine ring [l-57] as shown in Fig. 1.2.1. Chemical 
structure of commercial or developmental cyanate esters available in monomer and/or 
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form are summarized in Table 1.2.2 [1-58]. Table 1.2.3 shows relationship between 
dicyanate structural units and the characteristics of resulting polycyanates [1-59]. Figure 
1.2.2 shows the relationship between the constant viscosity (150mPa.s) temperature of 
common monomers and their respective Tgs of the cured thermoset resins [1-59]. Good 
processability due to low viscosity, low cured temperature, and low toxicity can enable 
fabrication of large structure with lower void content. These characteristics are also 
advantages to fabricate composite structure using RTM [1-17, 1-52]. Furthermore, 
strength reduction due to moisture absorption in a CFRP is expected small because of 
low water absorption characteristic on the PCy resin [1-52].  
 
 
 
Figure 1.2.1 Cyclotrimerization reaction to form oxygen-linked triazine ring 
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Table 1.2.2 Chemical structure of commercial or developmental cyanate esters available 
in monomer and/or form [1-58]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1.2.3 Relationship between dicyanate structural units and the characteristics of 
resulting polycyanates [1-59]. 
 
 
 
Structural unit Characteristic
Cyanate functionality Low toxicity
Easy to process
Reacts with epoxides
Blends with thermoplastics
Ring forming High service temperature
-O- linkages Toughness
Low crosslinking density Toughness
Low polarity Low dielectirc loss
Low moisture absorption
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Figure 1.2.2 Relationship between the constant viscosity (150 MPa·s) temperature of 
common monomers and their respective Tgs of the cured thermoset resins [1-59]. 
 
 AS one of the considered points to select the heat resistant CFRP for aircraft structures, 
the possibility of molding to fabricate large structure with complex-curved beam and 
plate with existing manufacturer facilities is important to save production costs. In that 
case, the maximum temperature of molding to increase the mechanical properties of 
CFRP is affected by Tg. Thus if the molding temperature for heat resistant CFRP is same 
as that of a conventional EP and is lower than the maximum autoclave operating 
temperature, it is advantage to apply the heat resistant CFRP structure with low costs. 
The cure and post cure temperature of the PCy used in this study is 180 ºC and 230 ºC, 
respectively. It is advantage compared with other heat resistant CFRPs.  
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1.3 Evaluation of stability under thermo-oxidative environment 
1.3.1 Autoxidation reaction 
 In the high-temperature environment, the CFRP suffers thermo-oxidative degradation 
which was mainly caused by autoxidation reaction. Some literature studied 
thermo-oxidation mechanistic scheme to reveal thermo-oxidative degradation of 
polymer composites [1-29, 1-60 to 1-64]. Figure 1.3.1 shows basic autoxidation reaction 
scheme [1-65. 1-66]. The autoxidation reaction is composed of six steps [1-63] as 
follows.  
 
(Initiation)  Polymer (RH)   R•  
(Propagation) R• + O2    RO2• 
(Propagation)  RO2• + RH   RO2H + R• 
(Termination)  R• + R•    Products 
(Termination)  R• + RO2•   Products 
(Termination)  RO2• + RO2•   Products + O2 
 
 
 
Figure 1.3.1 Autoxidation reaction.  
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 As an initiation step, alkyl radical R• was produced in polymer under thermo-oxidative 
environment. Then a propagation step, R• react with oxygen and peroxyl radical RO2• 
was generated. The RO2• react with other alkyl RH to generate hydroperoxide RO2H 
and other R•. The RO2H easily decomposed due to their very low dissociation energy 
[1-28] and other R• were generated. In termination steps, The R• and RO2• react with 
other R•. These reactions cause further cross-linking of resin in the thermo-oxidative 
layer. The closed loop autoxidation reaction causes the change in chemical structure of 
the matrix in the CFRP. Some carbonyl groups such as aldehyde and ketone were 
formed as products in macromolecules. Resultant the increase in weight due to oxygen 
grafting and the decrease in weight due to volatile products disappearance [1-28, 1-60] 
occurred. Further cross-linking of the matrix due to termination reaction induces an 
increase in the density and provokes the volumetric shrinkage of the matrix in the 
surface layer of the CFRP. Olivier et al. studied about the concentration of oxidant 
products correlating modulus surface profile in thermo-oxidative layer [1-67]. From the 
study, the concentration of oxidation products increased in the layer with increasing 
aging time, and the elastic modulus measured using indentation method increased with 
increasing concentration of oxidation products. The matrix shrinkage provokes tensile 
stress [1-29] in the sample surface layer with the modulus increase. Finally, the tensile 
stress with modulus increase leads to the fiber/matrix debonding and the matrix crack.  
 
1.3.2 Evaluations of heat resistant CFRP  
 To apply heat resistant CFRP to hot parts, susceptibility and durability to high 
temperature environment must be evaluated. Figure 1.3.2 shows the factors on heat 
resistant CFRP properties and their evaluation items. For the structural design of a SST, 
factors such as high temperature, ground air ground cycles, thermal cycles, moisture, 
ultra violet, and chemical solutions for a long term, would affect on CFRP properties 
such as static properties and durability under fatigue loading and aging. In present study, 
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residual mechanical properties due to long-term high temperature atmospheric exposure 
were focused. Because residual mechanical properties after long-term high temperature 
exposure is important properties for aircraft static load design. 
 
 
 
Figure 1.3.2 Factors on Heat resistant CFRP properties and their evaluation items 
 
 
 
 
 
 
 
 
 
 
Figure 1.3.3 Relation between influence factors due to long-term high temperature 
exposure and various properties of CFRP. 
 
Figure 1.3.3 shows the relation between influence factors due to long-term high 
temperature exposure and various properties of CFRP. As the first degradation, the 
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change in the chemical properties due to thermal aging refers to an irreversible change 
in the state of the polymer chain and network. The cross link and chain scission of 
molecular structure occur, and subsequent physical property changes are generated. The 
change in weight, glass transition temperature, and dimension were well measured. As a 
result of the decrease in the chemical and physical properties, some damages such as 
fiber/matrix debonding and matrix crack appear in the CFRP. These damages induce 
early damage onset during mechanical loading. Finally the decrease in residual 
mechanical property occurs. Table 1.3.1 shows lamina and laminate mechanical tests for 
aircraft structural design. To design aircraft structure, these various items must be tested. 
Furthermore residual mechanical properties after long-term high temperature exposure 
also would be evaluated to determine material useful life. 
 
Table 1.3.1 Lamina and laminate mechanical tests for aircraft structural design. 
 
Lamina and Laminate Mechanical Tests Evaluation Item in
Present Study
0°Tension ●
90°Tension ●
0°Compression ●
90°Compression ●
In-Plane Shear ●
Interlaminar Shear 
Short Beam Strength  (SBS)
Flexure
Non-Hole Compression (NHC) ●
Non-Hole Tension (NHT)
Open-Hole Compression  (OHC) ●
Open-Hole Tension  (OHT)
Single-Shear Bearing
Double-Shear Bearing 
Compression after Impact (CAI)
Mode I Fracture Toughness 
Mode II Fracture Toughness 
Tension/Tension Fatigue 
Tension/Compression Fatigue
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In the test items, unidirectional tensile and compressive, and in-plane shear tests 
were conducted to reveal the influence of thermo-oxidative degradation in the basic 
laminates. Non-hole and Open-hole compression test specimen were also evaluated the 
influence of thermo-oxidative degradation. Since the compressive load is often severe 
for the aircraft structure. In the previous study, many isothermal aging tests as shown in 
Table 1.2.1 were also carried out to reveal effects of high temperature atmospheric 
exposure on physical, chemical, and mechanical properties. On the other hand, 
comprehensive evaluations to reveal durability under high temperature atmospheric 
exposure was limited [1-22 to 1-24]. Moreover, to understand damage extension due to 
high temperature atmospheric exposure in CFRP, the comprehensive investigation of 
microscopic and mesoscopic damage behavior was necessary. In high temperature 
atmospheric exposure, thermo-oxidative degradation would occur in CFRP. The 
deterioration in physical, chemical, and mechanical properties due to thermo oxidation 
may cause not desirable failure of CFRP. Therefore this study aimed to reveal the effect 
of high temperature atmospheric exposure on damage behavior, physical, chemical, and 
mechanical properties of the CFRP with micro and mesoscopic approach. The effect of 
thermo-oxidative degradation on physical and mechanical properties of the PCy neat 
resin and their CFRP was evaluated. The effect of thermo-oxidative degradation on 
chemical properties in the PCy neat resin was also evaluated in this study.  
As physical properties, change in weight due to thermo-oxidative degradation of neat 
resin and CFRP were well reported [1-22 to 1-24, 1-27 to 1-31, 1-33 to 1-41, 1-46, 1-47, 
1-50 to 1-52], because the change in weight is an indicator of stability to 
thermo-oxidative degradation with relatively simple way. As chemical properties, 
thermo-oxidative degradation may cause chemical structural change. The chemical 
structural change can be analyzed with IR spectra change. An autoxidation reaction 
would occur in the resin. The autoxidation reaction causes the change in IR spectra, 
weight, dimension, and resultant the embrittlement of matrix. The embrittlement of 
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matrix may cause damage onset such as matrix crack and delamination. Finally, 
decrease in mechanical properties would occur. To evaluate the decrease in physical, 
chemical, and mechanical properties rapidly, some accelerated tests were also reported 
[1-25, 1-26, 1-52].  
 
1.3.3 Isothermal aging test 
 To investigate and evaluate the effect of thermo-oxidative degradation on the CFRP, 
isothermal aging tests were well conducted. In isothermal aging tests, some items as 
follows had been well investigated.  
1) Change in weight 
2) Morphological observation of surface and inner region by means of optical and/or  
  scanning electron microscopy 
3) Change in Tg 
4) Change in IR spectra 
5) Change in mechanical properties 
 Among them, the Tg measurement results to evaluate thermal stability of neat resin and 
composites were well reported in 1990 era. Some material showed the increase in Tg 
with increase aging time [1-68] due to crosslinking progress. On the other hand, some 
material showed that the Tg increased and the strength decreased with increasing aging 
time [1-69] which might be caused by chain scission, decomposition, and micro damage. 
Tsotsis reported that Tg was poor indicator as an indicator of thermo-oxidative stability 
[1-22]. Thus the change in Tg was not investigated in this study.  
To investigate thermo-oxidative degradation with appropriate temperature and period 
for the CFRP, understanding of the maximum temperature and the service life is 
important. For a future SST in the HSCT program, it was estimated that the CFRP 
would be likely to require withstanding at elevated temperature between 177 and 232 °C 
(350 and 450 °F) with 60,000 h exposure [1-3]. Thus, as shown in Table 1.1.2, almost 
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isothermal aging test was conducted at the temperature to simulate thermo-oxidative 
environment, more than 177 °C. On the hand, 60,000 h is 2,500 days with a simple 
calculation (approximately 7 years) and it is not realistic as an evaluation time. Reports 
with more than 10,000 h as evaluation time were limited. The conditions for isothermal 
aging were determined as the simulated temperature, 180 °C and the maximum 
evaluation time, 8,000 h, in this study. Obtained data in isothermal aging will be 
reference data to valid accelerated aging technique. 
 
1.3.4 Change in weight 
 The effect of long-term exposure to high temperature environment on physical 
properties of heat resistant resin and their CFRP has been a great deal of interest since 
before. Hence, many researchers have conducted investigation by means of isothermal 
aging test to clarify thermal stability of neat resin and the CFRP in high temperature 
thermo-oxidative environment. Because it is easier than conducting strength test, weight 
measurements have been well-conducted to evaluate thermal stability of materials under 
the thermo-oxidative environment for a long term.  
At first, the anisotropic behavior of thermo-oxidative degradation in CFRP was 
reported by Nelson [1-33]. He observed that oxidation process was sensitive to the 
surface area. He found that the dominant degradation mechanism for the 
graphite/polyimide was oxidation of the matrix at the laminate edge. Additionally, the 
laminates degraded preferentially at the surface perpendicular to the fiber and the rate of 
degradation was accelerated by micro crack openings on the surface of 90° plies which 
provided increasing exposed surface area.  
 The first quantitative prediction for the weight change at a high temperature exposure 
environment considering surface geometry was investigated by Bowles [1-37]. After 
that, various models to predict weight change have been proposed in other researches 
[1-27, 1-41, 1-46]. In those studies, the weight change predictions for CFRP under 
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long-term exposure to thermo-oxidative environment have been investigated for 
unidirectional composites and cross-ply laminates with EP [1-27], BMI [1-41] and 
PMR-15 [1-46] systems. However these weight prediction methods did not examined 
with a PCy laminates. In addition, those specimen sizes were limited. Moreover 
angle-ply and quasi-isotropic laminates with and with hole which are more important 
for aircraft structural design have not been investigated with these weight change 
prediction method. In this study, to validate weight prediction method and to predict 
weight change were aimed for general laminate configuration such as both angle-ply 
and quasi-isotropic laminates with and without hole of the CFRP. 
 To estimate the decrease in mechanical properties, the change in weight was well 
compared with mechanical properties. Wolfrum et al. reported that the tensile, 
compressive, ILS strength for the CFRP (8552/IM7 and M18-1/G939) was correlated 
with the decrease in weight [1-70]. Tsotsis et al. reported that the angle-ply tensile and 
OHC strength correlated to their percent weight change under applied different pressure 
[1-26].  
 
1.3.5 Damage behavior in CFRP laminates due to isothermal aging 
 Because of a static thermal loading for several thousand hours or more during 
operation, the matrix and the fiber/matrix interface of the CFRP deteriorate due to 
autoxidation reaction. A progress in crosslinking due to thermal energy and chain 
scission cause matrix embrittlement and spontaneous crack. Previous study reported 
matrix crack onset from exposed surface [1-71] and/or exposed free edges [1-5, 1-33, 
1-71]. Figure 1.3.3 shows matrix cracks onset due to long-term thermo-oxidative 
exposure in a double-notch shear (DNS) specimen [1-51]. These matrix cracks 
preferentially appeared in the section of perpendicular to fiber direction (90° layers). 
Other previous study reported the matrix crack and the oxidation layer preferentially 
progressed along fiber direction [1-71] and oxidation layer was affected by neighbor 
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layer [1-43, 1-72]. When matrix cracks occur in the surface that perpendicular to the 
fiber, the cracks would propagate along the fiber direction and reach the unreacted core 
layer [1-46]. Then the cracks become new paths to supply oxygen to the unreacted core 
and oxygen react with non-reacted resin. Thus, the degradation due to thermo-oxidation 
along fiber direction would severely damage the CFEP. On the other hand, it was not 
understood that how the cracks affect mechanical properties of the specimen after 
isothermal aging.  
 
 
Figure 1.3.3 Matrix crack onset due to long-term thermo-oxidative exposure in DNS 
specimen. 
 
 Other damage behavior is local shrinkage in the matrix at exposed surface. As 
mentioned before, the oxygen graft to polymer induces an increase in density and the 
successive decrease in weight due to further thermo-oxidative aging generates matrix 
shrinkage. Lafarie-Frenot et al. [1-73, 1-74] studied the influence of oxidative 
environments on damage in carbon/epoxy (IM7/977-2) cross ply laminates subjected to 
thermal cycling. They reported that significant shrinkage of matrix only exists on the 
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edges of specimens tested in oxidative environments and no difference was observed on 
polished specimen edge before and after aging in nitrogen environment. They also 
reported the matrix shrinkage was deeper with wider the matrix area and appeared 
preferentially at the interface of the 45°/-45° plies in the [453/-453]S and at the interface 
of the 45°/90° plies in the quasi-isotropic laminates. The matrix shrinkage depth 
distribution was measured in oxidative environments and nitrogen. As a result, the mean 
depth values increased with the number of cycles, and are systematically higher in 
oxygen than air. Vu et al. [1-75] studied quantitative matrix shrinkage for unidirectional 
laminates with IM7/977-2 composites. They observed the sample surface perpendicular 
to fiber direction and clarified the matrix shrinkage increases with conditioning time, 
fiber to fiber distance, and oxygen pressure. The matrix shrinkage caused fiber/matrix 
debonding in their study. That information was useful to understand the impact of 
matrix shrinkage onset and propagation of fiber/matrix debonding and matrix crack in 
the early stage of thermo-oxidative degradation. On the other hand, the effect of fiber 
orientation angle on the matrix shrinkage profile was still unknown. Anisotropic 
thermo-oxidation degradation of CFRP was reported for the weight change and 
thermo-oxidative layer growth. For further understanding of an anisotropic 
thermo-oxidative behavior, the effect of fiber orientation on matrix shrinkage behavior 
must be clarified.  
 
1.3.6 Mechanical tests with an acoustic emission measurement 
To investigate the change in mechanical properties of resin and CFRP under 
high-temperature thermo-oxidative environment, a lot of types of mechanical tests were 
conducted.   
In general, thermo-oxidative degradation in a neat resin is superficial phenomena and 
thermo-oxidative layer is formed adjacent to exposed surface [1-76]. The thickness 
thermo-oxidative layer is of the order of micrometer. Bowles et al. studied the effect of 
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thermo-oxidative layer on mechanical properties of neat resin [1-77]. In the study, the 
decrease in compressive strength and modulus of thermo-oxidative layer was reported. 
This result suggested the change in mechanical property of a neat resin was affected by 
specimen geometry. The effect of the decrease in mechanical property of 
thermo-oxidative layer on the property of entire specimen would be small. Thus 
mechanical properties such as tensile and compressive strength may be poor indicator to 
indicate thermo-oxidative degradation for the neat resin.  
On the contrary, fracture toughness after isothermal aging would be a sensitive 
parameter to indicate thermo-oxidative degradation for the resin. Due to exposure to 
high-temperature environment, the increase in cross link density result the increase in Tg, 
strength, and modulus. However increase in modulus affect plastic deformation of the 
material on the crack tip due to lower energy absorption, finally the resin would be 
embrittled. Moreover the formation of thermo-oxidative layer also causes the change in 
fracture toughness due to earlier initial crack onset. For CFRP, the fracture toughness of 
neat resin is most significant variable affecting the inter-lamina fracture toughness [78]. 
Thus an investigation of the effect the high-temperature exposure on fracture toughness 
of neat resin is important. 
 Thermo-oxidative degradation in CFRP is anisotropic phenomena. Preferential 
progress along fiber direction of thermo-oxidation-induced damage was observed in 
unidirectional laminates [1-41]. The effect of thermo-oxidative degradation on the 
change in damage behavior [1-72] and mechanical properties were well studied. For the 
investigation of the damage behavior change, microscopic observation was conducted 
after mechanical testing. For further understanding of the effect of thermo-oxidative 
degradation on damage behavior, the study of the damage initiation and progress during 
mechanical loading is important. However the study with this purpose was limited. For 
the purpose, an acoustic emission (AE) technique has an ability to investigate the 
damage initiation and progress. Because the AE technique can detect damage 
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dynamically and is one of widely utilized non-destructive inspection methods.     
 
1.3.7 Accelerated aging 
 It is important to understand durability of the CFRP in aircraft structure, because the 
structure has to employ long-term service conditions. The service life is expected more 
than 8,000 h for a fighter jet and 60,000 h for a SST, respectively. Therefore It would 
take a long time to evaluate the durability of the CFRP as a candidate material．In the 
case of fatigue life evaluation, the cyclic load such as ground-air-ground, maneuver, and 
pressurized load were loaded for arbitrary each frequency in service life with 
consideration of safety factor. As a result, fatigue life can be proofed. In this case, 
evaluation period is dominated by the loading cycle speed of fatigue test machine. On 
the other hand, in the isothermal aging, an exposure condition with real service life is 
necessary. Thus the evaluation of stability to thermo-oxidative degradation needs longer 
periods. To evaluate the effect of thermo oxidation of candidate CFRP for a SST and/or 
hot parts, testing period must be shorten to save testing costs. From the view point, 
accelerated testing method must be developed. In the development of accelerated test 
methodology, the degradation behaviors of the investigated materials have to be 
evaluated without introducing other degradation mechanisms and/or changing primary 
degradation mechanisms.  
 The conventional approach for accelerated testing is conducted with elevated 
temperature which is more than service temperature to accelerate thermo oxidation due 
to increase in diffusion and reaction rate. Arrhenius plot with evaluated parameter 
versus temperature were used to analyze accelerated tendency. Wolfrum et al. [1-70] 
reported that accelerated tests for epoxy-based CFRPs (8552/IM7 and M18-1/G939) 
with three temperature conditions (180, 190, and 200 ºC) were conducted to investigate 
relationship between the decrease in strength and weight. In the study, inter-lamina 
shear strength (ILSS), tensile, and compressive strength were investigated. As the result, 
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the decrease in weight was accelerated at high temperature and a correlation between 
strength reduction and weight reduction irrespective of temperature was shown. 
Leveque et al. [1-5] reported accelerated tests for BMI-based CFRPs (2020/MR50K and 
M65/IM7) with three temperature conditions (150, 180, and 200 ºC). The change in 
weight, Tg, DCB，in-plane shear, NHC, and OHC tests were measured and compared 
with reference the test data．In these study, the possibility of anisotropic degradation on 
weight was not considered.  
On the other hand, the accelerated test of the CFRP due to increasing temperature was 
concerned in the previous studies. Tsotsis et al. [1-22] insisted that accelerated test by 
means of increasing temperature should be avoided. Because the temperature of 
acceleration was too close to Tg, non-linear behavior in thermo-oxidative reaction might 
appear. They recommended an accelerated method due to increasing pressure. From the 
same point of view, Gates et al. [1-79] also insisted that an accelerated test by means of 
increasing pressure was better than by increasing temperature．In general, decrease in 
activation energy due to temperature increasing and increase in free volume near the Tg 
causes non-linear behavior of degradation mechanism in the CFRP. Harmon et al. [1-68] 
reported that in the accelerated tests with three temperature conditions (149, 177, and 
204 ºC) for cyanate-based CFRP (XU71787.09L/G40-800). In the study, the strength at 
elevated temperature (204 ºC) severely decreased despite the Tg increasing to 
approximately 260 ºC. The Tg investigation after isotheral aging indicated larger 
decreasing Tg. Due to accelerated aging by means of increasing temperature, the 
degradation of the CFRP is actually accelerated. On the other hand, it has to be checked 
wherther both the non-accelerated and accelerated degradation mechanism are same. Or 
the accelerated test by means of increasing temperature might be a risk.  
 Other accelerated test method is by means of increasing pressure. Because of the 
increase in air or oxygen partial pressure, the solubility of oxygen adjacent to exposed 
surface is increased and the degradation mechanism is accelerated.  
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 Ciutacu et al. [1-80] reported accelerated test for the GFRP with various pressure and 
temperature conditions. In the study, they revised the Arrhenius equation to adapt 
experimental results. The results showed good correspondence relationship between 
experimental and prediction. Harmon et al. [1-68] also reported the result of isothermal 
aging with increasing pressure on the cyanate ester based CFRP 
(XU71787.09L/G40-800) and thermoplastic PI based CFRP (K3B/IM7). On the other 
hand, anisotropic thermo-oxidative behavior in weight, oxidative layer growth and the 
change in fracture mechanism were not discussed in those studies. Tsotsis et al. [1-26] 
reported isothermal aging test on epoxy based CFRPs (3501-6/AS4 and 8552/IM7) 
under various pressure (0.101, 0.345, 1.03, and 1.72 MPa) at 121 ºC up to 5000 h. 
Angle-ply tensile test was conducted on the CFRP (3501-6/AS4) and OHC test was 
conducted on the other (8552/IM7). As results, they insisted that there were correlations 
between strength and weight change, and between stiffness and weight despite different 
pressures. However the details of observation of degradation and failure behavior were 
not investigated. The anisotropic behavior in weight change was not also discussed. 
 To developed accelerated method, the increase in air pressure with actual service 
temperature was carried out in this study. Comparing with the method of increasing 
temperature, examples of accelerated aging by means of increasing pressure have been 
limited. Detail observations for thermo-oxidative degradation mechanism and failure 
mechanism were important to validate accelerated aging method, and were conducted, 
in this study.  
 
1.4 Objective 
The background in the previous section showed that it is inevitable for the usage of 
heat resistant CFRPs to a SST and hot parts of conventional aircraft which would appear 
in near future. In this case, the effect of long-term high-temperature exposure on the 
properties of the CFRP must be revealed. Under high-temperature atmospheric 
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environment, thermo-oxidative degradation is most crucial damage for CFRP. To reveal 
the effect of thermo-oxidative degradation on the properties, an isothermal aging test 
which simulates the service condition have to be carried out with monitoring the change 
in physical, chemical, and mechanical properties. For mechanical properties, the 
investigations of the damage and failure mechanism due to thermo-oxidative 
degradation are also important. Moreover the evaluation period is longer due to their 
long service life. Thus techniques of the rapid screening and evaluating of the candidate 
materials are needed. To face these problems, isothermal and accelerated aging tests 
were conducted in the present study.  
 The objectives of this study are to reveal the damage and the failure mechanism of the 
PCy neat resin and their CFRP due to long-term thermo-oxidative aging and to develop 
their accelerated aging technique. The objectives and the approaches of this study are 
shown in the Fig. 1.4.1. The approaches to the objectives are as follows: 
1. Long-term isothermal aging test which simulated high-temperature environment for a 
SST service condition was carried out with using an electronic oven. The PCy neat resin 
and their CFRP were employed in isothermal aging test. The testing temperature was 
180 °C. The testing period was 8,000 h. The neat resin specimen was tested on SENB 
test to investigate the change in fracture toughness. The CFRP specimen laminates were 
selected as 0° and 90° unidirectional, angle-ply, quasi-isotropic (NHC, OHC) laminate 
specimens to investigate mechanical properties. The stacking sequences are [0]8, [90]8, 
[±45]2S, and [45/0/-45/90]3S for 0°, 90°, angle-ply, and quasi-isotropic laminates, 
respectively. 
2. The change in weight was investigated on SENB, unidirectional, angle-ply, and 
quasi-isotropic laminates specimens to evaluate thermal stability of the PCy. The 
anisotropic behavior in the weight of the laminates was analyzed with quantitative 
prediction method. 
3. The chemical structural change of PCy neat resin due to thermo-oxidative 
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degradation was analyzed with SENB test specimens by means of Fourier transformed 
infrared spectroscopy (FTIR) with attenuated total reflection (ATR) system.  
4. The damage progress in a mesoscopic scale, such as matrix crack and delamination 
due to thermo-oxidative degradation during isothermal aging was observed 
morphologically by means of soft X-ray photographing method. The matrix shrinkage 
behavior in a microscopic scale was characterized quantitatively and morphologically 
by means of confocal laser microscopy method.  
5. The change in mechanical properties and failure mechanism after isothermal aging 
was investigated by means of mechanical testing. The deterioration in strength and 
stiffness due to thermo-oxidative degradation was evaluated. An AE measurement 
method was also used to investigate the change in failure mechanism.  
6. The accelerated aging test method was developed by increasing applied pressure. To 
validate the developed accelerated aging test method, the change in weight, damage 
behavior, mechanical properties, and failure mechanism for accelerated test were 
compared with the reference data (non-aged results). 
 
 
Figure 1.4.1 Objectives and the approach of this study. 
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1.5 Thesis outline 
The thesis consists of a total eight chapters. 
In chapter 1, heat resistant CFRPs which would be applied to the main structure of a 
SST or hot parts for conventional aircraft were focused. To reveal the effect of 
thermo-oxidative degradation on the properties of CFRP and to short screening and 
evaluation periods for material in the future, the need for isothermal and accelerated 
aging test were mentioned.  
 In chapter 2, the effect of long-term thermo-oxidative aging on the weight, chemical 
structure, fracture toughness of PCy neat resin was evaluated. The isothermal aging was 
carried at 180 °C under atmospheric pressure up to 8,000 h. The change in chemical 
structure was analyzed by means of Fourier transformed infrared spectroscopy (FTIR) 
with attenuated total reflection (ATR) system. The decrease in fracture toughness due to 
thermo-oxidative degradation was measured by three-point bending test. 
  In chapter 3, the effect of thermo-oxidative aging on the weight of the PCy CFRP 
laminates was evaluated. The isothermal aging was carried at 180 °C under atmospheric 
pressure up to 8,000 h. The change in weight not only unidirectional laminates but also 
multidirectional laminates were analyzed with quantitative prediction method.  
In chapter 4, the effect of thermo-oxidative aging on the damage initiation and 
progress in mesoscopic and microscopic scales of the CFRP were evaluated with soft 
X-ray radiography and confocal laser microscopy. The damage behavior would affect 
residual properties. In microscopic scale, shrinkage behaviors which appeared in 
intra-lamina and inter-laminar layer and would responsible for anisotropic damage 
behavior in CFRP were analyzed with quantitative prediction method. 
In chapter 5, the effect of thermo-oxidative aging on the failure mechanism and 
mechanical properties of the CFRP laminates were evaluated. The changes in 
mechanical properties were obtained through mechanical tests. To evaluate the change 
in fracture mechanism, an AE measurement was conducted during applied loading. 
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In chapter 6, to develop accelerated aging technique, accelerated aging tests with 
increasing applied pressure were conducted. The effect of increasing applied pressure 
on the neat resin and their CFRP to accelerate thermo-oxidative degradation was 
evaluated. The accelerated tests were carried out at 180 °C under 0.3 MPa and 0.5 MPa 
up to the maximum 2000 h. The change in weight, damage behavior and mechanical 
properties were investigated. 
Chapter 7 summarizes the work presented in this thesis and provides direction for 
future work.  
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CHAPTER 2 
Change in weight and fracture toughness of the polycyanate 
ester neat resin   
 
This chapter describes the effect of long-term thermo-oxidative aging on chemical 
structure, weight, and fracture toughness of polycyanate ester neat resin. Weight and 
fracture toughness were evaluated with carbonyl index. 
 
2.1 Introduction 
Isothermal ageing test were conducted on single-edge-notch bending (SENB) 
specimens at 180 °C up to 8,000 h under atmospheric pressure in order to investigate 
susceptibility to thermo-oxidative environment in the polycyanate ester (PCy). Weight 
and fracture toughness (KIC) were investigated with chemical structural changes. The 
chemical structural changes were analyzed by means of Fourier transformed infrared 
spectroscopy (FTIR) with attenuated total reflection (ATR) system. To investigate 
degree of degradation, carbonyl index (CI) was analyzed with triazine ring peak which 
is characteristic peak of cured polycyanate resin. 
 
2.2 Preparation of specimen 
The material used in this study was made of PCy (FSD-M-08178) neat resin. The 
PCy neat resin was cured by Fuji Heavy Industries Ltd. (FHI) in Japan. Figure 2.2.1 
shows the cured panel of the PCy as received. The PCy resin was cured according to 
manufacturer’s recommended cure cycle. The curing temperature was 180 °C and 
post-curing temperature was 230 °C. Applied pressure for curing and post-curing was 
0.6MPa and atmospheric pressure, respectively. The glass transition temperature of the 
PCy was approximately 230 °C measured by differential scanning calorimetry. The 
panel was cut using a diamond blade to obtain SENB test specimens as shown in ASTM 
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D 5045-99 [2-1]. Finally specimen has nominally 44 mm length, 10 mm width, and 
5mm thickness as shown in Fig. 2.2.2 and Fig. 2.2.3. Before inserting notch, the 
specimen side surfaces were polished with SiC grinding paper (#400 to #2,000) to avoid 
the effect of surface roughness on crack onset and propagation. After polishing, 5mm 
long single notch was inserted. After notch insertion, a fresh razor blade was slid in one 
motion at the notch tip. Five samples for each aging time (non-aging, 100, 197, 500, 
1,000, 2,000, 4,000, and 8,000 h) were prepared. 
 
 
 
Figure 2.2.1 Cured panel of the PCy as received. 
 
 
 
 
 
Figure 2.2.2 SENB test specimen. 
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Figure 2.2.3 Dimensions of SENB test specimen. 
 
2.3 Experimental Procedures 
2.3.1 Isothermal aging test 
Specimens were placed in a vacuum oven at 110 °C under 0.5 atm for 48 h to remove 
moisture and volatile elements within the specimens. Then, these specimens were 
exposed at 180 °C in natural convection oven up to 8,000 h. At specified time intervals, 
specimens were removed from the oven and were cooled to room temperature on an 
aluminum plate approximately 5 minutes. After cooled, specimens were weighed 
immediately to reduce the effect of moisture absorption from atmosphere.  
 
2.3.2 Fourier transformed infrared spectroscopy (FTIR) 
A Fourier transform infrared spectrophotometer IRPrestige-21 (Shimadzu Corp.) with 
an attenuated total reflection (ATR) system was used to investigate chemical structural 
changes in the PCy specimens. IR spectra for the specimen side surface were measured. 
Inner region for some specimens were also investigated after SENB tests. Spectral 
region between 600 and 4,000 cm-1 was measured with 20 scans at a resolution 2 cm-1. 
 
2.3.3 Single-edge-notch bending (SENB) test with an acoustic emission (AE) 
measurement 
To investigate KIC change due to thermo-oxidative degradation, SENB tests were 
conducted after isothermal aging at 180 °C. The schematic view of SENB test 
configuration was shown in Fig. 2.3.1 and SENB test image was shown in Fig. 2.3.2. 
5
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Support rollers length was 40 mm. Testing speed was 1mm/min. Cross head 
displacement was measured as specimen deflection. During a SENB test, an AE 
measurement was also carried out to clarify the difference in damage progress due to 
thermo-oxidative degradation. One small sensor (AE-900M TYPE 1, NF Electronic 
Instruments) was mounted on the specimen surface. The AE measurement system 
consisted of pre-amplifier (9913, NF Electronic Instruments), discriminator (AE9922, 
NF Electronic Instruments), and AE signal processing module (As-712 NF Electronic 
Instruments). The pre-amplifier gain was 40dB and the main amplifier gain was set as 
30dB. The discriminate low level and high level parameters were set as 150 mV and 
225 mV, respectively. The low pass filter was 500 kHz. Figure 2.3.3 shows the 
frequency characteristic of the AE sensor.  
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3.1 Schematic of SENB test configuration. 
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Figure 2.3.2 SENB test image 
 
 
Figure 2.3.3 Frequency characteristic of AE sensor. 
 
2.4 Results and Discussion 
2.4.1 Exposed surface and fracture surface morphology change 
Figure 2.4.1 shows SENB test specimens image after SENB test. Before aging, the 
color of specimen was brownish yellow. After 100 h aging, it turned dark reddish brown. 
Then, with increasing aging time, it turned black. Thus thermo-oxidative degradation 
Frequency (KHz) 
dB 
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occurred in the specimen. After 2,000 h aging, cracks emanated at the specimen surface. 
With increasing aging time, a lot of cracks appeared on the specimen surface. These 
surface cracks would be caused by tensile stress due to resin shrinkage in the 
thermo-oxidative layer [1-29] and the matrix embrittlement. It deemed that these surface 
cracks did not affect propagation of the crack from notch. Figure 2.4.2 shows fracture 
surface image for each aged specimen. All fracture surface shapes were flat. 
Thermo-oxidative layer formed adjacent specimen surface such as picture frame. The 
color of inner region for specimen hardly changed. Figure 2.4.3 shows microscopy 
observation image near notch front. (a) is non-aged, (b) is 100 h, (c) is 197 h, (d) is 500 
h, (e) is 1,000 h, (f) is 2,000 h, (g) is 4,000 h, and (h) is 8,000 h, respectively. With 
increasing aging time, thermo-oxidative layer length increased. For the longer aged 
specimens, beach marks appeared near the crack front. It would be caused by same 
reason as the surface crack and stress concentration due to the notch. 
 
 
 
 
Figure 2.4.1 SENB test specimens image after test. 
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Figure 2.4.2 Fracture surface image for each aged specimen. 
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Figure 2.4.3 Microscopy observation image near notch front. (a) is non-aging, (b) is 100 
h, (c) is 197 h, (d) is 500 h, (e) is 1,000 h, (f) is 2,000 h, (g) is 4,000 h, and (h) is 8,000 h, 
respectively. 
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2.4.2 Weight change 
Figure 2.4.4 shows weight change (%) as a function of aging time. Weight change 
was calculated with Eq. (1). 
100×=(%)
i
i
W
W-W
ChangeWeight   (2-1) 
where Wi is initial weight and W is measured weight at each aging time. Up to 500 h, the 
weight increased with increasing aging time. After 500 h, the weight decreased with 
increasing aging time. In the previous study, it was reported that the weight of 
bismaleimide composites increased at the beginning of exposure to thermo-oxidative 
environment due to oxygen incorporation in macromolecules [1-60]. This would be 
caused by autoxidation scheme. The weight increase is associated with oxygen uptake 
within the propagation step. Until 500 h, oxygen uptake reaction on the specimen 
surface weight might almost complete and weight decrease reaction such as chain 
scission might emanate. After 500 h, weight decreased with increasing aging time. 
Because of chain scission and volatile products formation in autoxidation reaction, the 
weight decreased. The weight first increased and then decreased was related to lower 
reaction rate of decomposition for hydroperoxide [1-61].  In other words, PCy resin 
was the stable on weight change at 180 °C in air. 
 
 
 
 
 
 
 
 
 
Figure 2.4.4 Weight change (%) as a function of aging time. 
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2.4.3 FTIR spectrometry 
Figure 2.4.5 shows FTIR spectra of the PCy neat resin thermally aged in air at 180 °C 
for each aged sample. During isothermal aging test, there were no absorbance band due 
to macromolecular between 1800 and 4,000 cm-1. The characteristic absorption bands of 
the cyanate ester functional group (–O–C≡N) were reported in the infrared spectrum 
between 2,200 and 2,300 cm-1 [2-2 to 2-5]. In the spectra for non-aged sample, this band 
was not observed. Thus the polymerization of this PCy was completed as received.  
 
Figure 2.4.5 FTIR spectra of PCy neat resin thermally aged in air at 180°C for each 
aged samples. 
 
Figure 2.4.6 shows FTIR spectra between 700 and 2,000 cm-1 for the PCy neat resin 
thermally aged in air at 180 °C for each aged sample. Some literature reported that the 
triazine ring which were formed with cyclotrimerization reaction had two characteristic 
peaks around 1,370 cm-1 (1340-1360 cm-1 [2-2], 1,370 cm-1 [2-7], 1,380 cm-1 [2-6]) and 
1,565 cm-1 (1,520-1,580 cm-1 [2-2], 1,565 cm-1 [2-4, 2-7], 1,580 cm-1 [2-6]). In this PCy 
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neat resin, two characteristic peaks at 1360 and 1560 cm-1 were observed for the spectra 
of non-aging. Other characteristic peaks for non-aging spectra appeared at 817, 1,012, 
1,031, 1,135, and 1,185 cm-1. These peaks might be derived from p-substituted aromatic. 
Many commercial resins using cyanate ester monomer were derived from bisphenols 
[2-7] and these monomers consisted of p-substituted linked aromatic. After 100 h, 
doublet peak at 1,135 and 1,185 cm-1 became one peak around 1,153 cm-1. With 
increases aging time, the triazine ring and p-substituted peaks weakened gradually and 
disappeared. These peaks change and disappearance might be caused by structural 
changes in the triazine ring [2-7] and the aromatic. Other possible reason for the 
decrease in absorbance was surface crack effect. After 100 h, the increases of carbonyl 
groups appeared broadly between 1,700 and 1,800 cm-1. It was also reported that 
carbonyl band appeared around 1,700 cm-1 due to thermo oxidation for nylon [2-8], 
polyethylene [2-9, 2-10], and carbon fiber/epoxy composites [2-11]. These absorbance 
peaks in this study were same as previous studied.  
 
Figure 2.4.6 FTIR spectra of surface between 700 and 2,000 cm-1 for PCy neat resin 
thermally aged in air at 180 °C for each aged samples.  
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Figure 2.4.7 shows FTIR spectra of inner region between 700 and 2,000 cm-1 for the 
PCy neat resin thermally aged in air at 180 °C for each aged samples. This result 
supported the chemical structure of inner region did not change and it was consistent 
with no change in the color of inner region. From the result, the degradation of 
specimen occurred near the surface region.  
 
Figure 2.4.7 FTIR spectra of inner region between 700 and 2,000 cm-1 for PCy neat 
resin thermally aged in air at 180 °C for each aged samples.  
 
In order to evaluate material degradation quantitatively, in the broadly spectra of 
carbonyl groups, absorbance for 1,716cm-1 was used. The degree of oxidation was 
expressed by the carbonyl index (CI) and it was calculated as the ratio of absorbance at 
1,716 and 1,560 cm-1 which was triazine peak by using Eq. (2). 
CI = I1716 / I1560  (2-2) 
where I1716 and I1560 were absorbance at 1,716 and 1,560 cm
-1, respectively. Figure 2.4.8 
shows CI as a function of aging time. For the surface, after isothermal aging started, CI 
was rapidly increased with increase aging time. At 500 h, it seemed CI was almost 
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saturated. After 500 h, CI remained constant with increasing aging time. On the other 
hand, CI of inner region showed no change. Figure 2.4.9 shows weight change as a 
function of CI using up to 500 h data. From the result, the increase in weight change 
could be represented with linear tendency up to 500 h. It was reported that closed loop 
oxidation reaction causes the increase in weight due to oxygen grafting and the decrease 
in weight due to volatile products disappearance [1-28, 2-22]. The oxygen grafting 
reaction appeared in the early stage. For the PCy, it appeared up to 500 h.  
  
Figure 2.4.8 CI as a function of aging time. 
 
 
Figure 2.4.9 CI for surface as a function of aging time with using up to 500 h data. 
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2.4.4 SENB test  
Figure 2.4.10 shows relation among load, deflection, and AE measurements for each 
aging time. (a) is non-aging, (b) is 100 h, (c) is 197 h, (d) is 500 h, (e) is 1,000 h, (f) is 
2,000 h, (g) is 4,000 h, and (h) is 8,000 h, respectively. For the non-aging, the load 
increased linearly with increasing displacement. At the fracture point, the cumulative 
AE energy rapidly increased. Thus fracture suddenly occurred at maximum load point. 
For aged sample, the amplitude and/or the cumulative AE energy increasing were 
measured and the knee point appeared in the load versus displacement curve. This result 
suggested that the specimen surface embrittled and local crack would onset near the 
thermo-oxidative layer. In order to calculate KIC, crack extension as shown in Fig. 2.4.3 
was considered and the crack extension was added to an initial notch length. Figure 
2.4.11 shows KIC after adjustment of an initial notch length as a function of aging time. 
First 100 h, the fracture toughness sharply dropped. After 100h, the K IC remained 
constant with increasing aging time. This result was consistent with no change in the 
color of inner region and no change in the spectra of inner region. 2.4.5  
Figure 2.4.12 shows KIC changes as a function of CI. KIC decreased linearly with 
increasing CI. Due to autoxidation reaction, chemical structural changes on embrittled 
surface of the PCy neat resin occurred. Figure 2.4.13 shows thermo-oxidative layer 
length as a function of aging time. (a) is surface and (b) is notch tip. The 
thermo-oxidative layer length (TOL) in the surface also increased rapidly in first 100 h 
aging. The thermo-oxidative layer causes the stress increasing due to the elastic 
modulus increasing [1-66]. Thus resin embrittlement and modulus increasing would 
cause crack onset and the decrease in the KIC for the first 100 h aging. Due to stress 
concentration and thermal cycles at the notch tip, thermo-oxidative layer length along 
crack propagation direction was larger than that of the surface. In Fig. 2.4.13, after 500 
h, the TOL saturated similar to CI. Moreover the TOL was of the order of 100 mm. Thus 
the effect of resin embrittlement and elastic modulus increasing due to thermo-oxidative 
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layer evolution on crack propagation might be small. Therefore the KIC did not change 
after 100 h up to 8,000 h aging 
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Figure 2.4.10 Relation among load, displacement, and AE measurements for each 
aging time. (a) is non-aging, (b) is 100 h, (c) is 197 h, (d) is 500 h, (e) is 1,000 h, (f) is 
2,000 h, (g) is 4,000 h, and (h) is 8,000 h, respectively. 
Displac ent [mm] Dis l cement [mm] 
Displacement [mm] Di lac ment [mm] 
Displaceme t [ m] Displace ent [mm] 
Displacement [mm] Displacement [mm] 
Lo
ad
 [N
] 
 
Lo
ad
 [N
] 
 
Lo
ad
 [N
] 
Lo
ad
 [N
] 
 
Lo
ad
 [N
] 
 
Lo
ad
 [N
] 
Lo
ad
 [N
] 
Lo
ad
 [N
] 
 
C
um
ul
at
iv
e 
A
E
 E
ne
rg
y 
[V
2 S
] 
 
C
um
ul
at
iv
e 
A
E
 E
ne
rg
y 
[V
2 S
] 
 
C
um
ul
at
iv
e 
A
E
 E
ne
rg
y 
[V
2 S
] 
 
C
um
ul
at
iv
e 
A
E
 E
ne
rg
y 
[V
2 S
] 
 
C
um
ul
at
iv
e 
A
E
 E
ne
rg
y 
[V
2 S
] 
 
C
um
ul
at
iv
e 
A
E
 E
ne
rg
y 
[V
2 S
] 
 
C
um
ul
at
iv
e 
A
E
 E
ne
rg
y 
[V
2 S
] 
 
C
um
ul
at
iv
e 
A
E
 E
ne
rg
y 
[V
2 S
] 
 
A
m
pl
itu
de
 [V
] 
 
A
m
pl
itu
de
 [V
] 
 
A
m
pl
itu
de
 [V
] 
 
A
m
pl
itu
de
 [V
] 
 
A
m
pl
itu
de
 [V
] 
 
A
m
pl
itu
de
 [V
] 
 
A
m
pl
itu
de
 [V
] 
 
A
m
pl
itu
de
 [V
] 
 
57 
 
  
                   (a)                                   (b)  
               
Figure 2.4.11 KIC after adjustment of an initial notch length as a function of aging time. 
 
 
 
Figure 2.4.12 KIC as a function of carbonyl index CI. 
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(a) Surface 
 
 
(b) Notch Tip 
 
Figure 2.4.13 Thermo-oxidative layer length as a function of aging Time. 
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2.5 Conclusions 
The effect of long-term thermo-oxidative aging on weight and fracture toughness 
(KIC) of the polycyanate ester (PCy) neat resin (FSD-M-08178) was investigated. 
During isothermal aging, weight measurement was carried out. After isothermal aging, 
FTIR measurement and SENB test with an AE measurement were also carried out. The 
following conclusions were obtained. 
 
(1) The weight of the PCy neat resin increased first 500 h and then decreased up to 
8,000 h at 180 °C under atmospheric pressure. 
(2) FTIR results suggested carbonyl group formed on the sample surface. No carbonyl 
groups formed in inner region of the PCy specimen. For first 500 h aging, the increase 
in weight can be represented with the CI. This result indicated that oxygen uptake in 
macromolecules caused the increase in weight.  
(3) The KIC of the PCy sharply dropped first 100 h aging. After 100 h aging, the KIC 
hardly changed up to 8,000 h.  
(4) The KIC decreased with increasing the CI. The KIC decreasing can be represented 
linearly with the CI increasing. 
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CHAPTER 3 
Change in weight for CFRP laminates 
 
This chapter describes the effect of long-term thermo-oxidative aging on weight for 
carbon fiber reinforced plastics laminates.  
 
3.1 Introduction 
In order to investigate thermal stability of the PCy based CFRP, the change in the 
weight of the CFRP under thermo-oxidative environment was investigated and 
characterized using quantitative methods. Isothermal aging test was conducted on 
carbon fiber/PCy (T700SC/FSD-M-08178) unidirectional, angle-ply and quasi-isotropic 
laminates with/without hole at 180 °C in air up to 8,000 hours. Two empirically-based 
weight change models were used to predict weight change for unidirectional, angle-ply, 
and quasi-isotropic laminates.  
 
3.2 Preparation of specimen 
The material used for this study was a carbon fiber/polycyanate ester 
T700SC/FSD-M-08178 composites fabricated using unidirectional prepreg system. The 
CFRP laminates were cured by Fuji Heavy Industries Ltd. (FHI) in Japan. The number 
of plies for both unidirectional and angle-ply laminates was eight. On the other hand, 
the number of plies for quasi-isotropic laminate was twenty four, as shown in Table 
3.2.1. All panels were cured according to manufacturer’s recommended cure cycle. The 
curing temperature for laminates was 180 °C and post-curing temperature was 230 °C. 
These panels were cut using a diamond blade. Then free edge surfaces for all samples 
without top and bottom (or tool) surfaces were polished with SiC grinding paper (#400 
to #2,000) and alumina powder (0.3m) because of observation for degradation process. 
Finally the dimensions of obtained specimen were as shown in Table 3.2.1 for 
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subsequent mechanical tests.  
 
Table 3.2.1 Sample geometries, stacking sequence and identification. 
 
 
 
3.3 Experimental Procedures 
3.3.1 Isothermal aging test 
Specimens were placed in a vacuum oven at 110 °C under 0.5 atm for 48 h to remove 
moisture and volatile elements within the specimens. After drying, the weight of all 
samples was measured to define initial weight for each sample. The number of 
specimens to measure weight for each laminate and each aging time was 5 to 20. Then, 
these specimens were exposed at 180 °C in natural convection oven up to 8,000 h. At 
specified time intervals, specimens were removed from the oven and were cooled to 
room temperature on an aluminum plate approximately 5 minutes. After cooled, 
specimens were weighed immediately to reduce the effect of moisture absorption from 
atmosphere.  
 
3.3.2 Weight measurement 
To measure weight, high accuracy balance AUW120D (Shimadzu Corp.) was 
employed. Minimum scale interval was 0.01mg 
 
Width Length Thickness
1 0T [0]8 14.83 249.9 1.15 6.5463
2 0C [0]8 10.23 139.9 1.13 2.4888
3 90T [90]8 24.76 175.5 1.15 7.6867
4 90C [90]8 25.28 139.9 1.15 6.2157
5 45T [±45]2S 25.37 199.9 1.10 8.7394
6 NHC [+45/0/-45/90]3S 25.19 140.2 3.48 18.597
7 OHC [+45/0/-45/90]3S 35.81 300.7 3.41 56.098
No. ID Stacking Sequence
Dimension [mm] Initial Weight
[g]
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3.4 Results and Discussion 
3.4.1 Weight change  
Figure 3.4.1 shows composites weight change [g] for each unidirectional sample as a 
function of aging time. Up to 197 h, the weight of the PCy composites increased with 
increasing aging time excepting the 90T. The weight of 90T increased up to 100 h. Then, 
the weight decreased with increasing aging time. In the previous study, it was reported 
that the weight of bismaleimide composites increased at the beginning under 
thermo-oxidative environment due to oxygen incorporation in macromolecules [1-60]. 
This would be caused by autoxidation scheme. The increase in weight is associated with 
oxygen uptake within the propagation reaction. Figure 3.4.2 shows weight change [%] 
for each unidirectional sample as a function of aging time. The percent weight change 
was calculated with Eq. (2-1). The increase and decrease in the weight change percent at 
180 °C isothermal aging were lower (only 0.13% to -0.93%) than epoxy-based [1-27] 
and other heat-resistant PMCs [3-1]. Thus, the effect of thermo-oxidative environment 
at 180 °C on the amount of weight change was a little. 
 
Figure 3.4.1 Weight change [g] for each unidirectional sample as a function of aging 
time. 
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Figure 3.4.2 Weight change [%] for each unidirectional sample as a function of aging 
time. 
 
3.4.2 Weight change models for unidirectional laminates 
As a simple consideration, when the weight change of PMC laminates does not show 
anisotropic behavior in the weight change, the total weight change Q for each sample is 
proportional to the average weight flux q that was obtained from the weight change data 
for any unidirectional laminates and total surface area Atotal for each sample. This 
assumption leads to the following Eq. (3-1).  
Q = Atotal q   (3-1) 
where Q is the total weight change, Atotal is the total surface area, and q is the weight 
flux, respectively. Figure 3.4.3 shows the weight flux q of 0C specimen as a function of 
aging time. The q increased first aging period and then decrease with increasing aging 
time. This tendency was similar to percent weight change of unidirectional laminate.  
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Figure 3.4.3 Weight flux q of 0C specimen as a function of aging time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.4.4 Sample geometry and axes definition. 
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On the other hand, previous study [1-27, 1-37, 1-41, and 1-46] reported that sample 
geometry affects the weight change behavior of PMCs. That is, unidirectional 
composites would preferentially oxidize along the fiber direction or ξ axis in Fig. 3.4.4. 
The oxidation in the transverse direction or η and ζ axes in Fig. 3.4.4 is suppressed due 
to less presence of continuous fiber/matrix interface. In this study, it was assumed that 
the degradation of PMC laminates proceeded in each surface independently, and total 
weight change was a summation of the weight loss from each surface. To predict a 
weight change of a sample from the weight change data for specific specimens 
considering the geometry, some models were proposed previously [1-27, 1-37, 1-41, 
and 1-46]. Using the similar nomenclature to Nam et al. [1-46], the schematics in Fig. 
3.4.4 show the nomenclature used. The x, y and z directions were fixed to represent the 
directions in the length, width, and through thickness of samples. The ξ, η, and ζ are 
denoted as longitudinal fiber (axial), transverse fiber (in-plane), and transverse through 
thickness (out-of-plane) directions. The fiber orientation angle is defined as an angle 
between x to ξ. Three different types of composite surface area were defined for 
unidirectional composite specimens as Aξ = area of surfaces that is cut perpendicular to 
fibers, Aη = area of surfaces that is cut parallel to fibers, and Aζ = area of surfaces that is 
top and bottom surfaces. Considering that the weight change is the result of mass loss 
from the surfaces of a specimen, the total weight change Q can be defined as a 
summation of the weight change per unit surface area qi (g/mm
2) multiplied by area of 
surfaces. Thus, the amount of total weight change is shown in Eq. (3-2) [1-27]. 
Q = Aξ qξ + Aη qη + Aζ qζ    (3-2) 
where qi is weight flux per unit surface area. Using Eq. (3-2), the weight flux per unit 
areas qξ, qη and qζ can be determined using three type of specimen with different surface 
area Aξ, Aη and Aζ by solving the resultant set of three linear equations. In this study, 
using the weight change data and each surface area for three types of specimens (0T, 0C 
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and 90T), the parameter qξ, qη and qζ were calculated for aging time up to 8,000 h. Table 
3.4.3 shows each surface area Aξ, Aη and Aζ for each unidirectional laminates. Figure 
3.4.5 shows the weight flux for each surface area in three principal directions as a 
function of aging time.  
 
Table 3.4.2 Surface areas for each unidirectional laminates. 
  
 
Table 3.4.3Surface areas for angle-ply, NHC, and OHC laminates. 
  
 
 
Figure 3.4.5 Weight flux for each surface area in three principal directions as a function 
of aging time. 
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Since we had not measured weight for all specimens at same aging time, the result 
was calculated with interpolation weight data. During first aging period up to 385 h, qξ 
and qη were negative. On the other hand, qζ had positive value. This results indicated 
that the surfaces perpendicular and parallel to fiber lost weight even though the total 
weight for all unidirectional sample increased with increasing aging time for initial 
aging period. Thermal oxidation would cause fiber/matrix interface disappearance. 
After 385 h, the qξ and qη increased with increasing aging time up to 4,000 h. This might 
be due to fiber/matrix debonding onset and matrix cracking. If fiber/matrix debonding 
occurred in the surface, the debonding would propagate along the fiber direction and 
reached the unreacted core layer [1-46]. Then the defect became new paths to supply 
oxygen to the unreacted core and oxygen reacted with non-reacted resin. As a result, the 
surface perpendicular and parallel to fiber gained weight with aging period. After 4,000 
h, the fiber/matrix interface peeled. The matrix crack which started from the debonding 
area propagated in the specimen. Finally the fiber/matrix interface layer disappeared and 
the reaction of unreacted core completed. Thus the decrease in weight flux due to chain 
scission and volatile compounds disappearance only occurred.  The absolute value of 
qξ was larger than that of qη. This result was corresponding to previous study [1-37, 
1-40, 1-41, and 1-46]. In contrast, the top and bottom surfaces gained weight at the 
beginning, because top and bottom surfaces on the sample had resin rich layers. Figure 
3.4.6 shows comparison of weight flux between qζ and qneat. The qneat was calculated 
from the weight change data as shown in Figure 2.4.4. The case of the 50 % volume 
fraction of CFRP was calculated. The graph shows that weight change tendency of the 
qζ was similar with the qneat at the initial aging period. On the other hand, after 197 h, 
the difference of weight fluxes between qζ and qneat increased with increasing aging time. 
Thus the existence of fiber/matrix interface also would affect in the change in qζ. The 
top and bottom surface gained weight at the beginning due to the weight gain of resin 
rich surfaces. Therefore, total weight increased at the beginning as a result of a 
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summation of the weight decreased in the perpendicular and parallel to fiber and weight 
increase in the top and bottom surface.  
 
 
Figure 3.4.6 Comparison of weight flux between qζ and qneat. 
 
In this study, specimen shapes were determined for the strength test. Hence the area 
Aξ and Aη were much smaller than total surface area. Thus small error in weight 
measurement caused large qξ and qη error in Fig. 3.4.5. In order to validate this method 
more accurately, thick specimen might be employed in isothermal aging. Compared Fig. 
3.4.3 with Fig. 3.4.4, weight flux q was one order smaller compared to weight flux qξ 
and qη. This result suggests that the usage of weight flux for each surface would be 
effective for qualification of anisotropy in thermo-oxidative degradation.  
 
3.4.3 Weight change prediction for unidirectional laminates 
In this section, weight change was analyzed. The weight change prediction using q 
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change predictions calculated with model 1, model 2, and each component of model2 
for 0T, 90T and 90C samples respectively.  
 
 
Figure 3.4.7 Weight change predictions for 0T calculated with model 1, model 2, and 
each component of model2 as a function of aging time. 
 
Figure 3.4.8 Weight change predictions for 90T calculated with model 1, model 2, and 
each component of model 2 as a function of aging time. 
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Figure 3.4.9 Weight change predictions for 90C calculated with models 1 and 2 as a 
function of aging time. 
 
In Fig. 3.4.7 to Fig. 3.4.9, same tendencies were observed between experimental 
results and predictions calculated using model 1and model 2 and both models could 
depict the weight change up to 2,000 h. This result suggested that the effect of fiber 
orientation on change in weight was small up to 2,000 h. From the result for each 
component of model 2, the result suggested that the Aζ qζ which was the component of 
weight change along sample thickness direction dominated whole weight change. 
Moreover the percentages of surface area for unidirectional laminate samples that was 
perpendicular to fiber to total surface area were approximately 0.4% to 4.4%. Thus, the 
effect of weight change form exposed surface which was perpendicular to fiber, which 
is oxidized significantly, was not so large compared with exposed top and bottom 
surface area. These sample shapes were determined as the subsequent mechanical test. 
Therefore, to estimate the weight flux accurately, the sample that has larger percentage 
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data up to 8,000 h. Thus the effect of anisotropic damage behavior due to fiber 
orientation could not be ignored for this aging period. Therefore the weight change 
result from each area could lead to important result to estimate the thermo-oxidative 
degradation mechanism for each surface area.  
 
3.4.4 Weight change models and prediction for angle-ply and quasi-isotropic laminates 
with and without hole 
To account for the direction dependency of the weight change of samples, the 
following transformations can be used to express the angle dependency of the weight 
flux for unidirectional samples that have a fiber angle with respect to the cut surface 
[1-27, 1-46]. 
qx = qξ cos
2 θ+ qη sin
2 θ  (3-3) 
qy = qξ sin
2 θ+ qη cos
2 θ   (3-4)  
qz = qζ    (3-5) 
where θ is defined as the angle between the sample axis and the fiber axis. For a 
practical usage, more complicated laminate configuration, such as [±45]2S and 
[45/0/-45/90]3S, with and without hole were characterized experimentally and 
analytically. When the layers that have different orientations were exposed on a cut 
surface, the total weight change QTotal can be obtained from  
∑=
i
iij qAQ  in jth ply  (3-6) 
∑=
j
jTotal QQ     (3-7) 
where i indicate arbitrary x, y, z directions and j is defined as ply number. The weight 
change qi was a function of the fiber orientation angle θ and obtained from Eq. (3-3) to 
Eq. (3-5). For outermost layers of specimen, the Az is top or bottom surface areas, and 
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for the other layers, the Az is actually zero. Qj is calculated for each ply, and then they 
were summed up to obtain the total weight change for the sample.  
To account for weight change around hole, a laminate with hole was focused. Figure 
3.4.10 shows the nomenclature of arbitrary orientated laminate with hole.  
 
 
Figure 3.4.10 Nomenclature of arbitrary orientated laminate with hole. 
 
The x, y directions were fixed to represent the directions in the length and width. The 
ξ and η are denoted as longitudinal fiber (axial) and transverse fiber (in-plane). The fiber 
orientation angle θ’ is defined as an angle between x to ξ. A hole which has radius r is 
assumed at origin O. Point A where exist to the hole edge and the angle θ is considered. 
The angle between the ξ and OA is θ-θ’. Thus weight flux qθ at point A which is vertical 
direction against hole were calculeted follows Eq. (3-8).  
qθ = qξcos
2(θ-θ’)+ qηsin
2(θ-θ’)    (3-8) 
In the vicnity of point A, weight change dw for small area rdθ is obtained by Eq. (3-9). 
dw= qθ t r dθ        (3-9) 
where t is layer thcikness. Weight change for entire hole is obtained with Eq. (3-9) by 
integrataing around hole as follows Eq. (3-10) 
Qhole = ∫dw = ∫qθ t r dθ   (3-10) 
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Finally, Eq. (3-11) is obtained. 
Qhole = πtr (qξ + qη)   (3-11) 
Figures 3.4.11 to Fig. 3.4.13 show the experimental weight change results, 
predictions, and each component of prediction of model 2 for 45T, NHC, and OHC 
samples, respectively. To predict the weight change with model 1, the weight flux q 
which was obtained from the 0C data was also used. To predict the weight change with 
model 2, the weight flux qξ, qη and qζ which were obtained by the weight change data 
from the 0T, 0C, and 90T unidirectional laminates were used. Figure 3.4.11 shows that 
the specimen of 45T gained weight for the first 385 h aging period. Then weight 
decreased up to 8,000 h. The prediction well matched up to 620 h. After 620 h up to 
5,000 h, the decrease in weight of experimental data was small compared with 
prediction. After 5,000 h, the decrease in weight of the 45T obtained from experiments 
was larger than that of prediction. Thus, the degradation mechanism in the 45T would 
be different compared with the unidirectional samples latter aging period. Figure 3.4.12 
shows that the weight of the NHC decreased for first 25 hours. It might be caused by 
insufficient moisture dissipation at 110 °C under 0.5 atm for 48 h in air for thicker 
specimens. After 25 h, the weight increased up to 385 h because of moisture of the 
sample sufficiently disappeared and uptake oxygen for resin. After 385 h, the weight 
decreased. In comparison with the experimental and analytical results for NHC, the 
model can predict up to 2,000 h in both the model 1 and model 2. For OHC in Fig 
3.4.13, the decrease in weight for first 25 h was caused by similar phenomenon to NHC. 
After that, weight increase was not observed. The reason was that the percentage of 
surface area perpendicular to fiber to total surface area was greater than NHC. In 
comparison with the experimental and analytical results for OHC, models can predict up 
to 4,000 h. On the contrary, over 4,000 h, these models also could not describe the rate 
of weight decreasing. These results suggested that the specific mechanism for weight 
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decrease of specific to 45T, NHC and OHC would exist. For the result of the angle-ply 
laminates, the weight of experimental data was larger than that of the models up to 
4,000 h and 5,000 h. This result suggested that the continued damage onset such as 
matrix cracking and/or delamination. The initiation of damage onset induced weight 
gain due to oxygen uptake into unreacted core. Thus severe damage may difficult to 
reduce weight. On the contrary, when the unreacted core was almost consumed, a large 
decrease in weight would occur. A similar mechanism may occur in NHC and OHC. 
 
 
Figure 3.4.11 Weight change result, predictions, and each component of prediction of 
model 2 for 45T as a function of aging time. 
 
Figure 3.4.12 Weight change result, predictions, and each component of prediction of 
model 2 as a function of aging time. 
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Figure 3.4.13 Weight change result, predictions, and each component of prediction of 
model 2 for OHC as a function of aging time. 
 
3.5 Conclusions 
In order to investigate thermal stability of polycyanate based CFRP under a long-term 
exposure, the weight change of different shaped specimens (unidirectional, angle-ply, 
quasi-isotropic laminates with and without hole were investigated. Conclusions 
obtained are as follows.  
(1) The PCy CFRP had thermal stability on the weight change at 180 °C isothermal 
aging in air up to 8,000 h.  
(2) The weight flux qξ and qη show that the area perpendicular and parallel to fiber 
decreased even though weight flux from the top and bottom surface increased in the first 
197 h.  
(3) After 385 h, the qξ increased with increasing aging time. It would be caused by 
oxygen uptake into the unreacted core of the matrix due to matrix cracks onset.  
(4) The weight change models could depict the weight increase and decrease tendency 
with the results of weight change for a specific sample shapes. However the model 
considering anisotropic behavior was better to understand anisotropic behavior in the 
thermo-oxidative environment.  
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(5) The weight change prediction models in angle-ply, NHC, and OHC can predict for 
each specimen. However, in further aging time for each specimen, these model could 
not predict it. These results suggested that the specific mechanism for weight decrease 
of specific to 45T, NHC and OHC would exist. . 
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CHAPTER 4 
Damage initiation and progress due to thermo-oxidative 
aging in CFRP laminates 
 
This chapter describes the effect of long-term thermo-oxidative aging on damage 
initiation and progress in CFRP laminates during isothermal aging. The effect of 
thermo-oxidative aging on the damage progress in mesoscopic and microscopic scales 
of the CFRP were investigated with soft X-ray radiography and confocal laser 
microscopy, respectively. In mesoscopic scale, matrix cracks which appeared in exposed 
top and bottom and free edge surfaces were described. Transverse crack which appeared 
in quasi-isotropic laminates were observed with transverse crack counting. In 
microscopic scale the matrix shrinkage behavior between fibers in the CFRP laminates 
was characterized. Finally, the shrinkage behavior due to thermo oxidation was 
analyzed with quantitative prediction method. 
 
4.1 Introduction 
The previous chapter showed that the change in weight for the CFRP laminates can 
be described with model 2 with data obtained from three types of unidirectional 
laminates specimen. For the unidirectional laminates, the change in weight was 
described up to 8,000 h. On the other hand, the change in weight of the multi axial 
oriented laminates (45T, NHC, and OHC) was only described up to 620 h and 4,000 h 
for 45T, and NHC and OHC. These results suggested that the damage initiation and 
progress due to thermo oxidation in the CFRP laminates would be different. The 
stacking sequence of laminate may cause the difference of damage behavior during 
isothermal aging. To reveal the difference, the damage observation of specimen in 
mesoscopic and microscopic scale during isothermal aging was conducted. In 
mesoscopic scale, a soft X-ray apparatus was used to investigate the damage behavior 
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due to thermo-oxidative degradation. Damages such as micro crack and delamination 
are responsible for new pathway to supply oxygen to unreacted core [1-46]. Matrix 
crack preferentially occurs in the exposed free edge surface that is perpendicular to the 
fiber [1-33] and the crack preferentially propagates along the fiber direction. The 
increase in weight due to oxygen uptake in unreacted core may cause an error between 
experimental data and the model prediction. Thus it is important to reveal the damage 
initiation and progress in the CFRP laminates. Moreover these damages may affect the 
mechanical properties of the CFRP laminates. In microscopic scale, a confocal laser 
microscopy was used to investigate the matrix shrinkage between fibers. The matrix 
shrinkage behavior was reported some literature [1-72, 1-73] and quantitative 
characterization was only conducted in unidirectional laminates [1-74]. In the sample 
where exposed free edge surface is perpendicular to fiber direction, the matrix shrinkage 
increased with conditioning time, fiber to fiber distance, and oxygen pressure in the 
unidirectional laminates [1-74]. On the other hand, the effect of fiber orientation angle 
on the matrix shrinkage profile was still unknown. Anisotropic thermo-oxidation 
degradation as the change in weight of CFRP was shown in the previous chapter. For 
further understanding of an anisotropic thermo-oxidative behavior, the effect of fiber 
orientation on matrix shrinkage behavior must be clarified. Thus this chapter also 
focuses on the characterization of damage behavior in the CFRP. In specific, sample 
surface profiles in CFRP laminates were investigated and analyzed as a maximum 
matrix shrinkage depth. How local matrix shrinkage affects matrix crack formation in 
intralaminar and interlaminar was also studied. The matrix shrinkage tendency in the 
layer could be evaluated as relative shrinkage coefficient and the experimental results 
suggested the fiber orientation angle affected the relative shrinkage coefficient. The 
relative shrinkage coefficient of 45° layer in CFRP laminates could be analyzed by 
tensorial transformation with using the data of 0° layer and 90° layer. If matrix 
shrinkage tendency in arbitrary direction can be analyzed, it is useful to evaluated 
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damage state in microscopic scale in CFRP laminates. To do this, the effect of  fiber 
orientated angel on the matrix shrinkage for unidirectional ([90]8 and [0]8), angle ply 
([45/-45]2S), and NHC([45/0/-45/90]3S) laminates were investigated. These laminates 
were employed isothermal test and evaluated the matrix shrinkage profile in the sample 
side surface by confocal laser microscopic method. 
 
4.2 Experimental procedures 
0º and 90º unidirectional (0C and 90C), angle-ply (45T), quasi-isotropic laminates 
(NHC) were investigated by means of soft X-ray radiography and confocal laser 
microscopy. For the OHC specimen only the vicinity of a hole was investigated by 
means of soft X-ray radiography. For each type of specimen, three specimens were 
tested. At specified time intervals elapsed, these specimens were taken out from the 
oven. After weighed, these samples were investigated. 
 
4.2.1 Soft X-ray radiography 
  A soft X-ray radiography apparatus M-100 (SOFTEX Co. Ltd.) was used to 
investigate microscopic damage progress inside of the specimen during isothermal 
aging. Iodozinc (ZnI) ethanol solution, a dye penetrant opaque to X-ray, was applied the 
whole specimen surfaces. The shooting conditions for soft X-ray radiography were as 
follows. The voltage value was set as 20 kVp. The current value was set as 2 mA. The 
irradiation time was 90 sec. 
 
4.2.2 Confocal laser microscopy 
It is important to avoid the matrix surface damage on sample due to contacting 
method. Moreover, the matrix shrinkage depth was of the order of micrometer. Among 
non-contact method, the confocal laser microscopy (CLM) has the capability with high 
resolution for vertical depth direction. Thus, a VKX-100 confocal laser microscope 
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(Keyence) was employed to characterize the sample side surface before and after aging. 
The VKX-100 CLM apparatus has high vertical (0.02 m) and lateral (0.05m) 
resolution. Figure 4.2.1 shows microscopy images and contour images of the matrix 
shrinkage depth for 90C measured with CLM apparatus for different aging times 
(non-aging, 500 h, 1,000 h, and 2,000 h). Post processing software gives us the contour 
image and analyzes matrix surface profile along a line between any two points. Fig. 
4.2.2 shows the definition of distance between fibers (x) and matrix shrinkage depth (y) 
for each layers and interfaces. The distance between fibers (x) which was adjacent to 
each other and the matrix shrinkage depth (y) were measured for each layer and 
interface. The matrix shrinkage depth was affected by surrounding configuration [1-74]. 
Thus adjacent fibers were measured. From the measurement data, the relationship 
between maximum matrix shrinkage depth ymax and distance between fibers x was 
analyzed. 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
Figure 4.2.1 Microscopy images and contour images of the matrix shrinkage depth for 
90C measured with CLM apparatus for different aging times (Non-aging, 500 h, 1,000 h, 
and 2,000 h). 
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Figure 4.2.2 Definition of distance between fibers (x) and maximum matrix shrinkage 
depth (y) for each layer or interface. 
 
4.3 Results and Discussion 
4.3.1 Soft X-ray radiography 
4.3.1.1 0 º unidirectional laminates 
Figure 4.3.1 shows the soft X-ray images of specimen for 0C and Fig. 4.3.2 shows 
the magnified soft X-ray images of specimen for 0C. (a) is non-aging, (b) is 197 h, (c) is 
385 h, (d) is 500 h, (e) is 1,000 h , (f) is 2,000 h, (g) is 4,000 h, (h) is 6,000 h and (i) is 
8,000 h, respectively. First 197 h, no crack was observed. After 385 h, cracks were 
observed in exposed free edge surfaces which were perpendicular to fiber direction. 
These cracks appeared along fiber direction. With increasing aging time, these cracks 
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propagate along fiber direction and toward the inner specimen. After 1,000 h, a crack 
was observed in exposed free edge surface which was parallel to fiber direction. The 
crack appeared along fiber direction. After 2,000 h, cracks were observed in exposed top 
and/or bottom surface. These crack appeared along fiber direction. For latter aging 
period, these cracks propagated toward the inner specimen. The crack preferentially 
propagated along fiber direction. 
 
                         
  (a)      (b)      (c)       (d)      (e)      (f)      (g)      (h)     (i)  
Figure 4.3.1 Soft X-ray images of specimen for 0C. (a) is Non-aging, (b) is 197 h, (c) is 
385 h, (d) is 500h, (e) is 1,000 h, (f) is 2,000 h, (g) is 4,000 h, (h) is 6,000 h, and (i) is 
8,000 h, respectively.
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(a) Non-aging               (b) 197 h                   (c) 385 h 
 
 
 
 
 
 
 
 
(d) 500 h               (e) 1,000 h                   (f) 2,000 h 
 
 
 
 
 
 
 
 
 
(g) 4,000 h               (h) 6,000 h                   (i) 8,000 h  
 
 
 
 
Figure 4.3.2 Magnified soft X-ray images of specimen for 0C. 
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4.3.1.2 90 º unidirectional laminates 
Figure 4.3.3 shows the soft X-ray images of specimen for 90C or 90T and Figure 
4.3.4 shows the magnified soft X-ray images of specimen for 90C or 90T. (a) is 
non-aging, (b) is 290 h, (c) is 385 h, (d) is 500 h, (e) is 1,000 h , (f) is 2,000 h, (g) is 
3,000 h (h) is 4,000 h, (i) is 6,000h, and (j) is 8,000h, respectively. First 290 h, cracks 
were observed in exposed free edges which were perpendicular to fiber direction. These 
crack onset along fiber direction. With increasing aging time, these cracks propagate 
along fiber direction and within specimen. After 1,000 h, cracks were observed in 
exposed top and/or bottom surface which was parallel to fiber direction. These cracks 
appeared near the free edges and onset along fiber direction similar to 0C. After 2,000 h, 
cracks were observed in exposed free edge surface which was parallel to fiber direction. 
These crack onset along fiber direction. For latter aging period, these cracks propagated 
within the specimen.  
86 
 
                                            
 
(a) Non-aging     (b) 290 h        (c) 385 h       (d) 500h    (e) 1,000 h  
 
 
 
 
 
 
 
Figure 4.3.3 Soft X-ray images of specimen for 90C or 90T (Continued). 
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Figure 4.3.3 Soft X-ray images of specimen for 90C or 90T. 
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Figure 4.3.4 Magnified soft X-ray images of specimen for 90C or 90T. 
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4.3.1.3 Angle-ply ([45/-45]2S) laminates 
Figure 4.3.5 shows the soft X-ray images of specimen for 45T and Figure 4.3.5 shows 
the magnified soft X-ray images of specimen for 45 (a) is non-aging, (b) is 197 h, (c) is 
290 h, (d) is 385 h, (e) is 500 h, (f) is 1,000 h, (g) is 2,000 h (h) is 4,000 h, (i) is 6,000h, 
and (j) is 8,000h, respectively. In Figure 4.3.6, right side was free edge which was 
exposed surface and left side was specimen inner region. First 197 h, cracks were 
observed in exposed top and/or bottom surface. The number of top and/or bottom 
surface crack increased with increasing aging time. After 2,000 h, cracks appeared in 
outermost -45º layer. This result suggested that the crack which initiated from top and 
bottom surface also propagated thickness direction and leached adjacent -45º layers. 
Moreover shadow can be observed adjacent free edge surface. This result insisted 
delamination onset. After 4,000 h, the cracks in -45º layer propagated along the fiber 
direction. The shadow also appeared inner region. This result suggested the 
delamination onset in the 45º /-45º interlaminar. For latter aging period, the specimen 
was damaged severely due to the cracks and the delamination onset. After 7,000 h, 
specimen separation was onset as shown in Figure 4.3.7. One fifth of specimen was 
peeled by 7,000 h between the outermost 45º and the -45º interlaminar. Three fifth of 
specimens were peeled by 8,000 h between the 45º and the -45º layer.  
In the angle-ply laminates, the surface and bottom cracks appeared in the early stage 
and preferentially propagated thickness direction. This tendency was not observed in the 
unidirectional laminates. Thus the difference of the stacking sequence between 
unidirectional and angle-ply laminates would affect the damage behavior during 
thermo-oxidative aging.    
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 (a) Non-aging     (b) 197 h      (c) 290 h      (d) 385 h       (e) 500 h 
 
 
 
 
 
 
 
Figure 4.3.5 Soft X-ray images of specimen for 45T (Continued).  
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Figure 4.3.5 Soft X-ray images of specimen for 45T. 
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(a) Non-aging              (b) 197 h                  (c) 290 h   
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Figure 4.3.6 Magnified soft X-ray images of specimen for 45T. 
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Figure 4.3.7 45T specimen separation onset between outermost 45º and -45º layer. 
 
4.3.1.4 Quasi-isotropic ([45/0/-45/90]3S) laminates  
Figure 4.3.8 shows the soft X-ray images of entire specimen for NHC and Figure 
4.3.9 shows the magnified soft X-ray images of specimen for NHC specimen. (a) is 100 
h, (b) is 197 h, (c) is 290 h, (d) is 500h, (e) is 1,000 h , (f) is 2,000 h, (g) is 4,000 h, and  
(h) is 8,000 h, respectively. In Figure 4.3.9, right side was free edge which was exposed 
surface and left side was specimen inner region. First 100 h, no crack was observed. 
After 197 h, cracks appeared along transverse direction in exposed free edge surfaces. 
These cracks would form in the 90° layers. After 290 h, cracks also appeared in the top 
and/or bottom surface. These cracks formed along fiber direction which was oriented to 
45° direction. The crack onsets in top and/or bottom surface were earlier than that of 
unidirectional laminates but later than that of angle-ply specimen. Thus the adjacent 
layer affected the surface cracks onset. Both cracks increased with increasing aging 
time.  
After 1,000 h, cracks appeared in outermost 0º layer. This result suggested that the 
crack which initiated from top and bottom surfaces also propagated thickness direction 
and reached adjacent 0º layer. After 2,000 h, some cracks reached at outermost -45º 
layer. In X-ray image, shadow from exposed free edge surface also appeared. Thus 
delamination might occur. Crack also appeared ±45º layer. After 4,000 h, the cracks 
from exposed top and bottom surface reached outermost 90º layer. These cracks within 
10 mm 
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each inner layer propagated along each fiber direction with increasing aging time. After 
8,000 h, the specimen was severely damaged due to the crack and the delamination 
occurred. The delamination appeared at both inner region and exposed free edges. After 
7,000 h, the separation of NHC specimen occurred as shown in Figure 4.3.10 similar to 
angle-ply laminates. One fifth specimen was peeled by 7,000 h between the outermost 0 
º and -45º interlaminar. Three fifth specimens were peeled by 8,000 h between the same 
interlaminar.  
In the quasi-isotropic laminates, cracks appeared at both top and bottom surfaces in 
the early stage and preferentially propagated thickness direction. This tendency was not 
observed in the unidirectional laminates and was similar to angle-ply laminates. Thus 
the difference of the stacking sequence between unidirectional and multi-axial laminates 
would affect the damage behavior during thermo-oxidative aging.    
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  (a) 100 h      (b) 197 h       (c) 290 h       (d) 500 h     (e) 1,000 h 
 
 
 
 
 
 
 
 
 
Figure 4.3.8 Soft X-ray images of entire specimen for NHC (Continued). 
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Figure 4.3.8 Soft X-ray images of entire specimen for NHC. 
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(a) 100h                   (b) 197 h                   (c) 290 h                 
 
 
 
 
 
 
 
 
 
 
(d) 500 h                 (e) 1,000 h                   (f) 2,000 h   
 
 
 
 
 
 
 
 
 
 
(g) 4,000 h               (h) 8,000 h 
 
Figure 4.3.9 Magnified soft X-ray images for NHC. 
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Figure 4.3.10 NHC specimen separation onset between outermost 0º and -45º layer. 
 
4.3.1.5 Quasi-isotropic ([45/0/-45/90]3S) laminate with hole 
In OHC specimens, the damage behavior of distance area from a hole would same 
tendency compared with the NHC specimen. Thus the area around a hole was focused. 
Figure 4.3.11 shows the soft X-ray images of specimen for OHC. (a) is non-aging (b) is 
500 h, (c) is 1,000 h, (d) is 2,000 h, (e) is 4,000h, (f) is 6,000 h, and  (g) is 8,000 h, 
respectively. Before aging, no defect was observed. After 500 h, cracks appeared multi 
axially around a hole. A crack preferentially appeared in the surface which was 
perpendicular to fiber [1-46, 1-70]. Thus cracks would appear in the part of layer of 
right angle direction against the tangent of the hole. With increasing aging time, these 
cracks propagated within the layer along each fiber direction. After 8,000 h, OHC 
specimen separation occurred as shown in Figure 4.3.12 similar to angle-ply and 
quasi-isotropic (NHC) laminates. Two fifth specimens were peeled after 8,000 h 
between the outermost 45 º and 0º interlaminar. 
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Figure 4.3.11 Soft X-ray images for OHC (Continued). 
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Figure 4.3.11 Soft X-ray images for OHC 
 
 
 
 
 
Figure 4.3.12 OHC specimen separation onset between outermost 0º and -45º layer. 
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4.3.2 Maximum width of crack area  
The previous sections show the crack onset in each type of specimen. To 
quantitatively investigate the maximum width of crack area was measured. The 
maximum width of crack area was measured in each edge of the entire specimen. The 
maximum width of crack area was measured along specimen width direction. For the 
NHC, the maximum width of crack area in the 90° layer was measured. Figure 4.3.13 
shows the maximum width of crack area for each type of specimen as a function of 
aging time. The maximum width of crack area for each type of specimen at 8,000 h was 
in the order of NHC, OHC (around hole), UD90, 45T, and 0C specimen. This result 
suggested that fiber orientation angle and adjacent layer affect the maximum width of 
crack area evolution. 
 
Figure 4.3.13 Maximum width of crack area for each type of specimen as a function of 
aging time. 
 
4.3.3 Microscopy morphology 
4.3.3.1 0 º unidirectional laminates 
  Figure 4.3.14 shows exposed free edge surface parallel to fiber direction in 0C for 
each aging sample. Figure 4.3.15 shows magnified image of exposed free edge surface 
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parallel to fiber direction in 0C. In both Figures, (a) is non-aging, (b) is 100 h, (c) is 197 
h, (d) is 290 h, (e) is 500 h , (f) is 1,000 h, (g) is 2,000 h, (h) is 4,000h, and (i) is 8,000 h, 
respectively. No crack was observed up to 197 h. After 290 h, the dropout of fiber was 
observed near the bottom corner of specimen. This result indicated fiber/matrix 
interface was damaged due to thermo-oxidative degradation. After 1,000 h, crack 
appeared in the matrix. With increasing aging time, a lot of the dropout of fibers were 
observed. Crack propagated along fiber diction and the crack opening displacement 
(COD) increased.   
 
 
 
 
 
 
(a) Non-aging              (b) 100 h                 (c) 197 h 
 
 
 
 
 
 
 
(d) 290 h                (e) 500 h                  (f) 1,000 h 
 
 
 
 
 
 
 
(g) 2,000 h               (h) 4,000 h                (i) 8,000 h 
Figure 4.3.14 Exposed free edge surface parallel to fiber direction in 0C for each aging 
time. 
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Figure 4.3.15 Magnified image of exposed free edge surface parallel to fiber direction in 
0C for each aging time.  
 
4.3.3.2 90 º unidirectional laminates 
  Figure 4.3.16 shows exposed free edge surface perpendicular to fiber direction in the 
90C for each aging sample. Figure 4.3.17 shows magnified image of exposed free edge 
surface perpendicular to fiber direction in 90C. In both Figures, (a) is non-aging, (b) is 
100 h, (c) is 197 h, (d) is 290 h, (e) is 500 h , (f) is 1,000 h, (g) is 2,000 h, (h) is 4,000h, 
and (i) is 8,000 h, respectively. No crack was observed up to 75 h. After 100 h, crack 
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appeared in the fiber/matrix interface and the matrix region. Matrix shrinkage behavior 
was also observed. Figure 4.3.18 shows fiber/matrix debonding onset after 290 h. A 
number of crack and COD increased with increasing aging h. It seemed that the matrix 
shrunk deeper for latter aging period. Cracks formed randomly directions as shown in 
Fig. 4.3.16 (e) to (i).  
 
 
 
 
 
 
(a) Non-aging              (b) 100 h                 (c) 197 h 
 
 
 
 
 
 
 
(d) 290 h                (e) 500 h                  (f) 1,000 h 
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Figure 4.3.16 Exposed free edge surface perpendicular to fiber direction in 90C for each 
ageing time.  
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(a) Non-aging             (b) 100 h                  (c) 197 h 
 
 
 
 
 
 
(d) 290 h                (e) 500 h                  (f) 1,000 h 
 
 
 
 
 
 
(g) 2,000 h               (h) 4,000 h                 (i) 8,000 h 
Figure 4.3.17 Magnified image of exposed free edge surface perpendicular to fiber 
direction in 90C for each aging time. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3.18 Fiber/matrix debonding onset after 290 h. (Magnified image of the red 
line area in Fig. 4.3.16 (d) ). 
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4.3.3.3 Angle-ply ([45/-45]2S) laminates 
  Figure 4.3.19 shows exposed free edge surface parallel to longitudinal direction in the 
45T for each aging sample. Figure 4.3.20 shows the magnified image of intralaminar on 
the exposed free edge surface parallel to longitudinal direction in the 45T for each aging 
sample. Figure 4.3.21 shows the magnified image of interlaminar on the exposed free 
edge surface parallel to longitudinal direction in the 45T for each ageing sample. In 
these Figures, (a) is non-aging, (b) is 100 h, (c) is 197 h, (d) is 290 h, (e) is 385 h , (f) is 
500 h, (g) is 1,000 h, (h) is 2,000h, and (i) is 4,000 h, respectively. Matrix shrinkage 
appeared after 100 h in both intralaminar and interlaminars. In intralaminar, no matrix 
crack was observed up to 1,000 h as shown in Fig. 4.3.20 (g). On the contrary, after 100 
h, matrix crack occurred near a fiber in an interlaminar. After 290 h, matrix crack 
occurred in the matrix rich region in 45º/-45º interlaminar. The matrix crack deflected 
against the sample thickness direction. The crack in 45º /-45º interlaminar increased 
with increasing aging time. The COD also increased with increasing aging time. The 
crack propagated within the inter layer, connected each other, and caused delamination 
onset after 2,000 h, while some cracks propagated within the ±45º intralaminar along 
thickness direction. After 4,000 h, the crack penetrated the intralaminar along thickness 
direction. After 8,000 h the specimen separation as mention section 4.3.1.3 occurred in 
outermost 45º /-45º interlaminar of some specimens. 
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(a) Non-aging              (b) 100 h                  (c) 197 h 
 
 
 
 
 
 
 
(d) 290 h                (e) 385 h                  (f) 500 h 
 
 
 
 
 
 
 
(g) 1,000 h               (h) 2,000 h                (i) 4,000 h 
 
 
 
 
 
 
 
 
Figure 4.3.19 Exposed free edge surface parallel to longitudinal direction in 45T for 
each aging time.  
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(a) Non-aging             (b) 100 h                  (c) 197 h  
 
 
 
 
 
 
 
 
(d) 290 h                (e) 385 h                  (f) 500 h 
 
 
 
 
 
 
 
 
(g) 1,000 h              (h) 2,000 h               (i) 4,000 h 
 
 
 
 
 
 
 
Figure 4.3.20 Magnified image of intralaminar on the exposed free edge surface parallel 
to longitudinal direction in the 45T for each aging time.    
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(a) Non-aging              (b) 100 h                 (c) 197 h  
 
 
 
 
 
 
 
 
(d) 290 h                (e) 385 h                  (f) 500 h 
 
 
 
 
 
 
 
(g) 1,000 h               (h) 2,000 h                 (i) 4,000 h 
 
 
 
 
Figure 4.3.21 Magnified image of interlaminar on the exposed free edge surface parallel 
to longitudinal direction in the 45T for each aging time. 
 
4.3.3.4 Quasi-Isotropic ([45/0/-45/90]3S) laminates 
Figure 4.3.22 shows exposed free edge surface parallel to longitudinal direction in the 
NHC for each aging time. Figure 4.3.23 shows the magnified image of the exposed free 
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edge surface parallel to longitudinal direction of NHC for each aging time. In both 
Figures, (a) is non-aging, (b) is 100 h, (c) is 290 h, (d) is500 h, (e) is 1,000 h , (f) is 
2,000 h, and (g) is 4,000 h, respectively. After 100h, matrix shrinkage appeared. Crack 
also appeared in the 90º layer and the 45º/90º interlaminar. After 290 h, crack 
propagated within the 90º layer along thickness direction. As shown in Fig. 4.3.9 (b), 
the crack also formed along transverse direction. After 500 h, most of the transverse 
crack arrested at the adjacent ±45º layer interface in this location as shown in Fig. 
4.3.23 (d), while some cracks propagate within the ±45º layer. After 1,000 h, the matrix 
crack located at 90º/45º interface region was propagated in the interface. After 2,000 h, 
delamination was observed at the 90º/45º and the -45º/90º interlaminar. Furthermore, in 
the 0º/-45º interlaminar, matrix crack also appeared. 
 Figure 4.3.24 shows the magnified image in outermost 45º, 0º, and -45º layers on 
exposed free edge surface parallel to longitudinal direction of NHC for each aging time. 
After 290 h, no crack was observed. After 500h a crack was observed in the 45º/0º 
interlaminar. For latter aging period, other crack appeared in the layer. The COD 
increased with aging up to 4,000 h. The figure shows the degree of damage was 
minimal compared with both other intralaminar and interlaminar. However, the 
separation of specimen occurred at the 0º/-45º interlaminar. This result suggested that 
the damage from exposed top and bottom surfaces was responsible for the separation of 
specimen. Comparing exposed top and bottom surfaces and the exposed free edge, the 
damage in the top and bottom surface was severer than that of the exposed free edge. It 
is strongly pointed out that the damages from exposed top and bottom surfaces more 
critical for practical usage than that of the damage in the free edge. Because the damage 
of interlaminar was responsible for specimen failure such as delamination and buckling 
in the early stage.  
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Figure 7 Cross section images perpendicular longitudinal direction. (a) is non-aged. (b) is 100 hours, (c) is 500 hours, (d) is 1000 hours, (e) 
is 2000hours, and (f) is 4000 hours, respectively.   
 
Figure 4.3.22 Exposed free edge surface parallel to longitudinal direction of NHC for each aging time. 
(a) Non-aging     (b) 100 h          (c) 290 h       (d) 500 h       (e) 1000 h        (f) 2000 h      (g) 4000 h 
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Figure 4.3.23 Magnified image of exposed free edge surface parallel to longitudinal direction of NHC for each aging time 
(Continued). 
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Figure 4.3.23 Magnified image of exposed free edge surface parallel to longitudinal direction of NHC for each aging time. 
(g) 4000 h 
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Figure 4.3.24 Magnified image in outermost 45º, 0º, and -45º layers on exposed free edge surface parallel to longitudinal direction of 
NHC for each aging time. 114 
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4.3.3.5 Effect of matrix crack and delamination on weight change 
  In chapter 3, the difference between experimental data of weight and the model of 
weight prediction for 45T, NHC, and OHC was presented. For 45T, matrix crack 
occurred in the matrix rich region in 45/-45 interlaminar after 290 h. The crack onset in 
matrix rich region such as interlaminar was responsible for the increase in weight, 
because the increase in surface area of unreacted core due to matrix cracking and 
delamination caused increasing oxygen uptake area. Thus the weight data of 45T after 
620 h was larger than that of model 1 and model 2 predictions as shown in Fig. 3.7.1. 
On the other hand, Fig. 3.7.1 through Fig. 3.7.3 shows the rate of the weight decrease of 
45T, NHC, OHC was changed after 2500 h. A possible reason was cracks from the 
exposed top and bottom surface. At first, these cracks caused weight increase due to 
oxygen uptake of unreacted core. However the oxygen uptake reaction finished soon as 
shown in Fig. 2.5.1. Then the decrease in weight emanate due to domination of chain 
scission reaction in matrix. Due to severe damage near the surface as shown in Fig. 
4.3.6 (g) and Fig. 4.3.9 (f), the rate of weight increasing and decreasing was finally 
accelerated in multidirectional laminates. 
 
4.3.3.6 Transverse crack counting of NHC 
 As shown in Fig. 4.3.21, the transverse crack appeared in the 90º layer. The transverse 
crack did not penetrate within the layer along transverse direction as shown in Fig. 4.3.8. 
The crack caused the crack propagation adjacent ±45º layers and delamination onset in 
the 90°/45° and -45°/90° interlaminar. The transverse crack may affect both mechanical 
and thermal fatigue life. Because transverse crack in the 90º layer of multidirectional 
laminates is the first damage in laminates [4-1]. Thus the evolution of the transverse 
crack during high-temperature exposure was also important. It was counted for three 
specimens at both free edges for each aging time. The observation area was central 25 
mm area along longitudinal direction. The average layer thickness excepting central 90º 
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layer was 0.14 mm and the thickness of central 90º layer was twice of that of other layer. 
Transverse crack density was defined as dividing the number of transverse crack by 
gauge length.  
Figure 4.3.25 shows the transverse crack density in the 90° layer excepting central 
90° layer as a function of aging time. After 100 h, transverse crack emanated and the 
number of transverse crack rapidly increased with increasing aging time up to 500h. 
After 500 h, the number of transverse crack was almost saturated. Previous study 
reported that the number of crack due to isothermal aging was different between outer 
and inner layer [3-1]. In this study, the difference of the number of transverse crack 
between outermost 90° and second 90° layer, no difference was observed. Figure 4.3.26 
shows transverse crack density in the central 90° layer as a function of aging time. 
Comparing about the difference in thickness of the layer, the number of transverse crack 
in the thin layer was grater that that of the thick layer.  
 
 
Figure 4.3.25 Transverse crack density in 90° layer excepting central 90° layer as a 
function of aging time. 
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Figure 4.3.26 Transverse crack density in central 90° layer as a function of aging time. 
 
 
4.3.4 Matrix shrinkage behavior 
 As mentioned in section 4.3.4, the matrix had shrunk since the early stage of 
high-temperature exposure. The matrix shrink would be responsible for the micro scale 
damage onset such as fiber/matrix debonding and matrix cracking. Thus, the matrix 
shrinkage was characterized in this section. 
 
4.3.4.1 0 º unidirectional laminates   
Figure 4.3.27 shows the profile of exposed free edge surface parallel to fiber direction 
of 0C. For the 0C, the matrix shrinkage increased and the fiber-to-fiber distance 
decreased with increasing aging time. After 500 h, the valley which indicating 
fiber/matrix debonding was not observed near the fiber. After 1,000 h, the valley 
appeared near the fiber. Thus the fiber/matrix debonding occurred by 1,000 h at this 
location. 
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Figure 4.3.27 Profile of exposed free edge surface parallel to fiber direction of 0C. 
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4.3.4.2 90 º unidirectional laminates 
Figure 4.3.28 shows 90C sample profile between adjacent fibers. Before isothermal 
aging test, the sample had a flat surface. With increase aging time, the distance between 
fibers became narrow and the matrix apparently shrunk along fiber, or depth direction. 
In these figures, the graphs show some valley corresponding to crack or fiber/matrix 
debonding. Relatively smaller valley near the fiber/matrix interface region corresponded 
to fiber/matrix debonding. In Figure 4.3.28 (2), the distance between fibers and peak at 
the valley was about 0.6 m at 290 h aging. The valley of surface profile correspond to 
fiber/matrix debonding can be observed in the microscopic image (right side image of 
Fig. 4.3.28 (2)). It was hard to observe the fiber/matrix debonding from microscopic 
image of 197 h aging specimen as shown in Fig. 4.3.17 (C). On the other hand the 
sample surface profile in Fig. 4.3.28 (2) shows the valley at fiber/matrix interface region 
after 100 h aging. Thus fiber/matrix debonding occurred after 100 h aging. Vu et al. 
[1-74] reported that the valley was related to faster material consumption close to 
fiber/matrix interface prior to fiber/matrix damage onset. In this study, it was not clear 
that the valley indicated material consumption at the fiber/matrix interface region prior 
to the fiber/matrix debonding. Figure 4.3.29 shows a mechanism of fiber/matrix 
debonding due to matrix shrinkage and subsequent matrix crack onset. The thermal 
stability of fiber/matrix interface is poor compared with matrix. Thus the fiber/matrix 
interface is damaged by thermo-oxidative degradation at first. The shrinkage of the 
matrix also occurs in the thermo-oxidative layer.  Resultant peel stress was generated 
near the fiber/matrix interface. Therefore fiber/matrix debonding appeared. 
Thermo-oxidative degradation caused the decrease in the matrix mechanical properties 
especially strength and fracture toughness in the thermo-oxidative layer. A matrix crack 
was formed in the vicinity of fiber/matrix debonding due to stress concentration. The 
matrix crack propagated within the matrix and connected other crack and/or fiber/matrix 
debonding area. Figure 4.3.30 shows an example of the surface profile of the 90C 
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sample up to 2,000 h. After 1,000 h, the matrix shrinkage growth rate was decelerated. 
Thus, thermo-oxidative reaction concerned with shrinkage in the sample surface almost 
was completed at 1,000 h. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Shrinkage 
Shrinkage 
Fiber 
1 
1 
Figure 4.3.28 Profile of exposed free edge surface perpendicular to fiber direction 
of 90C.  
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Figure 4.3.29 Mechanism of fiber/matrix debonding and matrix crack due to resin 
shrinkage. 
 
Figure 4.3.30 Profile of exposed free edge surface perpendicular to fiber direction of 
90C up to 2,000 h. 
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4.3.4.3 Angle-ply ([45/-45]2S) laminates 
Figure 4.3.31 shows the profile in intralaminar along thickness direction of exposed 
free edge surface parallel to longitudinal direction of 45T up to 2,000 h. Before 
isothermal aging test, these sample surfaces also had a flat surface. With increasing 
aging time, the matrix shrinkage increased and the fiber-to-fiber distance decreased. 
After 385 h, the valleys were observed near the fibers where fiber-to-fiber distance was 
larger than as mentioned 90C example. Figure 4.3.32 shows a profile between fibers in 
intralaminar parallel to longitudinal direction of exposed free edge surface parallel to 
longitudinal direction of 45T up to 2,000 h. With increasing aging time, the matrix 
shrinkage also increased and the fiber-to-fiber distance also decreased. On the other 
hand, sample profile was not symmetrical because of the existence of the oblique fiber. 
Unlike other layers such as 90º and 0º, in the 45º layer, large number of fiber were lifted 
and sunk. Figure 4.3.33 shows a Profile between fibers through 45º to -45º layer along 
thickness direction of exposed free edge surface parallel to longitudinal direction of 45T 
up to 2,000 h. With increasing aging time, the matrix shrinkage in interlaminar also 
increased. The valley also appeared after 385 h aging for this location. For the [±45]2S 
laminates, each layer lifted and sunk. 
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Figure 4.3.31 Profile in intralaminar along thickness direction of exposed free edge 
surface parallel to longitudinal direction of 45T up to 2,000 h. 
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Figure 4.3.32 Profile between fibers in intralaminar parallel to longitudinal direction of 
exposed free edge surface parallel to longitudinal direction of 45T up to 2,000 h.  
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Figure 4.3.33 Profile between fibers through 45º to -45º layer along thickness direction 
of exposed free edge surface parallel to longitudinal direction of 45T up to 2,000 h. 
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4.3.4.4 Quasi-Isotropic ([45/0/-45/90]3S) laminates 
Figure 4.3.34 shows surface profile measurement areas for each interlaminar and 
intralaminar in NHC. Figure 4.3.35 shows surface profiles between fibers for 
intralaminar or interlaminar in exposed free edge surface parallel to longitudinal 
direction of NHC up to 2,000 h. (1) is 90º layer, (2) is 0º layer, (3) is 45º layer along 
thickness direction, (4) is 45º layer along longitudinal direction, (5) is 0º/-45º 
interlaminar, and (6) is -45º/90º interlaminar, respectively. The shapes of the shrinkage 
profiles for the 90º layer, 0º layer, and ±45º layers were similar to each unidirectional or 
angle-ply laminates. In Fig. 4.3.35 (5), the profile shape was unsymmetrical and the 
maximum matrix shrinkage depth location was shifted to the -45º fiber side. Thus, the 
shrinkage depth and maximum matrix shrinkage depth location would be affected by 
adjacent fiber orientation angle. The 45º layer sunk compared with the 0º layer. In Fig. 
4.3.35 (6), the profile shape was unsymmetrical. For the relative depth from fiber edge 
to the bottom of valley near each fiber region, the relative depth near the 90º fiber is 
deeper than that of the 45º fiber. The fiber/matrix interface preferentially degraded such 
as debonding, which became a path way for oxygen. It was well mentioned that the 
property of fiber/matrix interface resulted in material degradation because the property 
of the fiber/matrix interface zone was poor than that of neat resin. Thus the oxidation 
rate was faster in the fiber/matrix interface zone. Fiber orientation also possibly affected 
oxidation rate. The diffusion rate of oxygen would be in the order of 90º, 45º, and 0º 
layer. For the -45º/90º interface, the 90º layer deformation along depth direction due to 
thermo-oxidation-caused shrinkage was constrained by the fiber in the 90º layer 
compared with that of the -45º layer. Thus, the -45º layer was relatively sunk compared 
with 90º layer. 
Finally, table 4.1 shows damage confirmed time for each laminates. 
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Figure 4.3.34 Surface profile measurement areas for each interlaminar and 
intralaminar in NHC. 
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Figure 4.3.35 Surface profiles between fibers for each layer or interlaminar in exposed 
free edge surface parallel to longitudinal direction of NHC up to 2,000 h. 
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Table 4.1 Damage confirmed time for each laminates. 
 
 
Free edge surface
Top/Bottom
surface
2nd  Layer
from surface
3rd Layer
from surface
Free edge
From Top/Bottom
surface
290 (Fiber dropout)(CLM)
1000 (CLM)
1,000 (Soft X-ray, CLM) 2,000 - - - - -
100 (CLM) 100 (CLM) 290 (Soft X-ray) 1,000 - - - - -
Intralamainar 385 (CLM) 2,000 (CLM) 197 2,000 - - - -
Interlaminar 385 (CLM) 100 (CLM) - - -
2,000
 (Soft X-ray, CLM)
4,000
(Soft X-ray)
7,000
0° 1,000 (CLM) - -
90° 100 (CLM) 100 (CLM) -
45° 100 (CLM) 500 (CLM) -
45°/0° - 500 (CLM) -
0°/-45° - 2,000 (CLM) -
-45°/90° - 100 (CLM) 2,000 (CLM)
OHC (Around hole) -
500
 (Soft X-ray)
- - - - - 8,000
Specimen
0°
90°
45°
NHC
Delamination onset
Fiber/matrix debonding
7,000
4,000
(Soft X-ray)
Specimen
separation
Matrix cracking onset
290
(Soft X-ray)
1,000
(Soft X-ray)
2,000
(Soft X-ray)
129 
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4.3.5 Relation between maximum matrix shrinkage depth and fiber-to-fiber distance 
Figure 4.3.36 Maximum matrix shrinkage depth for unidirectional, angle-ply, and 
quasi-isotropic laminates as a function of distance between fibers at different aging time. 
(a)is 90C, (b) is 0C, (c) is 45T intralaminar along thickness direction, (d) is 45T  
interlaminar along thickness direction, (e) is 90º layer in the NHC, (f) is 0º layer in the 
NHC, (g) is 45º layer in the NHC, (h) is 45º/90º interlaminar in the NHC, and (i) is 
0º/45º interlaminar in the NHC, respectively. After polishing, all of non-aging samples 
had a smooth surface. The maximum matrix shrinkage depth increased linearly with 
increasing distance between fibers at each aging time. With increase aging time, the 
maximum matrix shrinkage depth increased. Surface profiles showed same tendency 
between each intralaminar such as the 0º/45º and the 0º/-45º or the 45º/90º and the 
-45º/90º. The approximate line for all layer or interlaminar passed through the origin 
without the 45º/90º and 0º/45º interlaminar in the quasi–isotropic laminates, because 
sedimentation in the 45º layer caused an error for approximate line.  
  
131 
 
    
               (a) 90C                                     (b) 0C 
   
(c) 45T intralaminar along thickness direction      (d) 45T interlaminar along thickness direction  
    
          (e) 90º layer in NHC                    (f) 0º layer in NHC 
Figure 4.3.36 Maximum matrix shrinkage depth for unidirectional, angle-ply, and 
quasi-isotropic laminates as a function of distance between fibers at different aging time 
(Continued).  
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           (g) ±45º layer in NHC           (h) 45º/90º interlaminar in NHC  
 
     (i) 0º/45º interlaminar in NHC 
 
Figure 4.3.36 Maximum matrix shrinkage depth for unidirectional, angle-ply, and 
quasi-isotropic laminates as a function of distance between fibers at different aging 
time.  
 
From these experimental results, the relationship between the maximum matrix 
shrinkage depth and the distance between fibers for each laminates could be expressed 
by a linear equation for each aging time.  
  xy  (4-1) 
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where y is maximum matrix shrinkage depth. x is fiber-to-fiber distance. is shrinkage 
coefficient.  is constant. Before aging, each sample had tiny amount of slope value due 
to polish. Then Eq. (4-1) is rewrite as Eq. (4-2) 
  xy '  (4-2) 
where ’=- is shrinkage coefficient at each aging time. is the slope value on 
the sample surface before aging. We denoted the ’ as a relative shrinkage coefficient 
and the ’ can suggest matrix shrinkage tendency. Figure 4.3.37 shows relative 
shrinkage coefficient for the 90C and 0C laminates as a function of aging time.  
 
Figure 4.3.37 Relative shrinkage coefficient for the 90C and 0C as a function of aging 
time. 
 
  For 90C, for first 290 h, the relative shrinkage coefficient increased linearly with 
increasing aging time. After 290 h, the relative shrinkage coefficient growth rate 
decreased up to 700 h. After 700 h, the relative shrinkage coefficient growth rate 
re-increased up to 1,000 h. After 1,000 h, the graph shows plateau region up to 2,000 h. 
The relative shrinkage coefficient for the 0C laminates also increased with increase 
aging time. Moreover, the value of the 0C was approximately 30 % (0.3’90) of that of 
the 90C up to 1,000 h. From this experimental result, basic mechanism of shrinkage 
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deformation was similar between [90]8 and [0]8 laminates. The relative shrinkage 
coefficient for 0C laminates at 2,000 h was greater than the 0.4’90 at 2,000 h. A 
possible reason was that the fiber/matrix debonding onset after 1,000 h as shown in 
Figure 4.3.27 affected matrix shrinkage profile. Figure 4.3.38 shows a mechanism of the 
increase in relative shrinkage coefficient for 0C after 2,000 h.  
 
Figure 4.3.38 Mechanism of increase in relative shrinkage coefficient for 0C after 2,000 h. 
 
  As shown in Fig. 2.4.2, the kinetics of thick material is controlled diffusion of oxygen. 
In this case, the reaction products are distributed within the sample depth [4-2]. Because 
of the fiber/matrix debonding onset, autoxidation reaction occurred in the deeper 
position of sample such as a tip of fiber/matrix debonding. The shrinkage deformation 
due to autoxidation in the deeper position of sample dragged the shrinkage deformation 
of the sample surface. Thus the matrix shrinkage depth increased. Figure 4.3.39 shows 
relative shrinkage coefficient for 45T laminates as a function of aging time.  
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Figure 4.3.39 Relative shrinkage coefficient for 45T as a function of aging time. 
 
  For first 385 h, the relative shrinkage coefficient for both interlaminar and 
intralaminar of 45T was approximately 40 % (0.4’
90). However, after 385 h aging, the 
relative shrinkage coefficient was larger than the curve of 0.4’90. Because of 
fiber/matrix debonding onset as shown in Fig. 4.3.32 and Fig. 4.3.34, the shrinkage 
growth would be accelerated. The difference in the relative shrinkage coefficient 
between intralaminar and interlaminar in the 45T, both value were almost the same in 
the first 500 h. After 500 h, the relative shrinkage coefficient of the intralaminar was 
larger than that of the interlaminar. Even though the large relative shrinkage coefficient 
was measured for the intralaminar, no matrix crack was observed up to 1,000 h as 
shown in Fig. 4.3.20 (h). A possible reason was that shrinkage-induced stress was 
released in the case of interlaminar due to severe crack onset as shown in Fig. 4.3.21 (h) 
and the shrinkage deformation was released. On the other hand, the matrix crack onset 
could not be governed only by the maximum matrix shrinkage depth and the surface 
profile. In the observation, the matrix crack in the intralaminar of 45T was deflected 
against thickness direction and appeared in parallel each other [6]. It would be caused 
by a stress due to laminate shrinkage restrained. Figure 4.3.40 shows the matrix crack 
onset mechanism in the 45T interlaminar. For the off-axis laminates preferentially 
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shrank perpendicular to fiber direction due to cross elasticity of laminates as shown in 
Fig. 4.3.40 (a). For laminates such as the 45T, the shrinkage deformation of each ply 
was restrained to each other. Then, tensile stress along longitudinal direction was 
generated. For the interlaminar, shear stress was generated as a balanced stress (arrow 
A). Finally the crack formed along the maximum principle stress (arrow B). With 
decreasing matrix strength due to thermo-oxidation, the matrix crack was finally 
formed. 
 
  
A 
+45º 
-45º 
Matrix Crack 
A 
A 
B 
Transverse Direction 
Longitudinal 
Direction  
+45º Oriented -45º Oriented 
 Shrinkage Direction 
Deformation due to Shrinkage 
(Dotted) 
A 
(a)  
(b) 
 Figure 4.3.40 Matrix crack onset mechanism in 45T interlaminar.  
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Figure 4.3.41 shows the relative shrinkage coefficient for 90º and 0º layer in the QI 
laminates compared with unidirectional laminates as a function of aging h. For 0º layer 
of NHC, the relative shrinkage coefficient was similar compared with that of 0C. On the 
other hand, the relative shrinkage coefficient of 90º layer of NHC was smaller than that 
of 90C. Thus, in the case of 90º layer, the relative shrinkage coefficient was affected by 
the adjacent layer. 
 
 
 
 
 
 
 
 
Figure 4.3.41 Relative shrinkage coefficient for 90º and 0º layer in NHC compared with 
unidirectional laminates as a function of aging time. 
 
  Figure 4.3.42 shows the relative shrinkage coefficient for the 45º, 0º/45º interlaminar, 
and 45º/90º interlaminars in NHC compared with 45T as a function of aging time.  
 
 
 
 
 
 
 
Figure 4.3.42 Relative shrinkage coefficient for the 45º, 0º/45º interlaminar, and 45º/90º 
interlaminars in NHC compared with 45T as a function of aging time. 
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The difference of the relative shrinkage coefficient between the 45º layer in the NHC 
and intralaminar in the 45T was small up to 2,000 h, even though matrix crack appeared 
in the 45º layer in the NHC laminates after 500 h as shown in Fig. 4.3.22 (d). The 
matrix crack of the interlaminar was also formed by a stress due to constraint of 
shrinkage deformation. For the 0º/45º and 45º/90º interlaminar, the relative shrinkage 
coefficient was smaller compared with the 45º layer and both values are almost the 
same up to 2,000 h. However, the value for the 45º/90º interlaminar was slightly larger 
than that of 0º/45º. Thus, the difference in the adjacent layer would slightly affect the 
relative shrinkage coefficient. In addition, larger sedimentation in the 45ºlayer of 45 
º/90º interlaminar was observed compared with that of the 0º/45º interlaminar. Such 
sedimentation would cause the matrix crack onset in the 45º/90º interlaminar. 
 
4.3.6 Relative shrinkage coefficient prediction 
These experimental results suggested the fiber orientation angle affected the relative 
shrinkage coefficient ’. Hence, the ’ becomes an anisotropic parameter and can be 
regarded as a vector. Thus the ’ for arbitrary direction could be analyzed by tensorial 
transformation and calculated as a second order tensor. To account for the direction 
dependency of the relative shrinkage coefficient, the following transformation as shown 
in Eq. (4-3) which was same analogy as the weight loss flux [1-46] would be satisfied to 
express the angle dependency of the relative shrinkage coefficient for any oriented ply 
that have a fiber angle with respect to longitudinal direction.  
’ θ= ’90sin2 θ+’0cos2 θ   (4-3) 
Figure 4.3.43 compares the experimental and prediction data of the 45T intralaminar 
along thickness direction. For model prediction, the relative shrinkage coefficient data 
for the 90C and 0C laminates were used. The model could express the tendency of the 
relative shrinkage, which increased with aging time. However the value had some error. 
Because of shrinkage restrained stress, the relative shrinkage coefficient of 45T could 
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not be accurately analyzed with the data of unidirectional laminates. Figure 4.3.44 
compares the experimental and prediction data for the 45º layer in NHC laminates along 
thickness direction. For model prediction, the relative shrinkage coefficient data of 90º 
and 0º layers in NHC were used. As can be seen, model can predict experimental data. 
From this result, in the case of using the data from the same laminate, the effect of the 
shrinkage restrained stress on relative shrinkage coefficient was small. 
 
Figure 4.3.43 Comparing the experimental and prediction data of the 45T intralaminar 
along thickness direction. 
 
Figure 4.3.44 Comparing the experimental and prediction data of the 45º layer in the 
NHC along thickness direction. 
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4.4 Conclusions 
In order to investigate damage behavior due to thermo-oxidative degradation in 
mesoscopic and microscopic scales, unidirectional (0C, 90C), angle-ply (45T), 
quasi-isotropic (NHC and OHC) laminates were observed by means of soft X-ray 
radiography and confocal laser microscopy. Obtained conclusions are as follows.  
 
(1) Compared with unidirectional laminates (0C, 90C), angle-ply (45T) and 
quasi-isotropic (NHC and OHC) laminates showed the different damage behavior 
such as matrix crack in interlaminar or matrix crack from exposed top and bottom 
surface. These matrix cracks were caused by adjacent layer existence.  
(2) The difference between experimental data and model in weight change was caused 
by the different damage behavior between unidirectional laminates and 
multidirectional laminates. 
(3) For the quasi-isotropic laminate (NHC), transverse crack emanated after 100 h and 
the number of transverse crack rapidly increased with increasing aging time up to 
500h. After 500h, the number of transverse crack almost saturated. For the number 
of transverse crack between outermost 90° layer and second 90° layer, no 
difference was observed. The number of transverse crack in the thin layer was 
grater that that of the thick layer. 
(4) The matrix shrinkage depth was influenced by fiber orientation angle, fiber-to-fiber 
distance, and aging time. The maximum matrix shrinkage depth could be 
represented with linear approximations as a function of a distance between fibers 
up to 2,000 h for both interlaminar and intralaminars in all samples.  
(5) The relative shrinkage coefficient ’ could represent matrix shrinkage tendency. 
The ’ for each layer was in the order of 90º, 45º, and 0º layer. It was caused by the 
existence of fiber/matrix interface and the higher diffusion rate in the 90º layer 
compared with 45º and 0º layer. 
141 
 
(6) In the interlaminars, the ’ suggested that the matrix did not preferentially shrink 
compared with intralaminar for each samples. Because the existence of fiber and 
the fiber/matrix debonding might increase the diffusion rate into sample for 
oxygen.  
(7) The ’ of 45º layer in the angle ply and quasi-isotropic laminates were calculated 
with 90º and 0º layers of the unidirectional or quasi-isotropic laminates. In the case 
of quasi-isotropic laminates, the model can predict ’ of the 45º layer with using 
the 90º and the 0º layers data.  
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CHAPTER 5 
Effect of long-term high temperature exposure on 
mechanical properties of CFRP 
 
This chapter describes the effect of long-term high temperature exposure on 
mechanical properties of CFRP laminates.  
 
5.1 Introduction 
In order to investigate the effect of long-term high temperature exposure on 
mechanical properties of the PCy based CFRP, isothermal aging test and successive 
mechanical test were carried out. Unidirectional, angle-ply, and quasi-isotropic 
laminates with and without hole specimens were exposed in an oven at 180 °C in air up 
to 8,000 h.  
 
5.2 Experimental Procedures 
5.2.1 Preparation of specimen 
The material used for this study was a carbon fiber/polycyanate ester 
T700SC/FSD-M-08178 composites fabricated using unidirectional prepreg system. The 
CFRP laminates were cured by Fuji Heavy Industries Ltd. (FHI) in Japan. The number 
of plies for both unidirectional and angle-ply laminates was eight. On the other hand, 
the number of plies for quasi-isotropic laminate was twenty four, as shown in Table 
3.2.1. All panels were cured according to manufacturer’s recommended cure cycle. The 
curing temperature for laminates was 180 °C and post-curing temperature was 230 °C.  
  These panels were cut using a diamond blade into a dimension as shown in ASTM 
D3039 [5-1] for 0° and 90° oriented unidirectional tensile specimen, ASTM D 3410 
[5-2] for 0° and 90° oriented unidirectional compressive test, and ASTM D 3518 [5-3] 
±45° oriented tensile specimen, ASTM D 6641 [5-4] for quasi-isotropic compressive 
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specimen, and ASTM D 6484 [5-5] for open-hole compressive test specimen. Each 
specimen for 0° orientated unidirectional tensile and compressive, 90° orientated 
unidirectional tensile and compressive, ±45° oriented tensile, and quasi-isotropic 
compressive specimen with and without hole were denoted as 0T, 0C, 90T, 90C, 45T, 
NHC, and OHC, respectively. Then each section for all samples without top and bottom 
(or tool) surfaces were polished with SiC grinding paper (#400 to #2,000) and alumina 
powder (0.3m) because of observation for degradation process. Finally the dimensions 
of specimens were shown as Table 3.2.1.  
 
5.2.2 Isothermal aging test 
Specimens were placed in a vacuum oven at 110 °C under 0.5 atm for 48 h to remove 
moisture and volatile elements within the specimens. The number of specimens for each 
aging time was five. Then, these specimens were exposed at 180 °C in natural 
convection oven up to 8,000 h. At specified time were elapsed, specimens were 
removed from the oven and cooled to room temperature on an aluminum plate 
approximately 5 minutes. After that specimen were stored in a desiccator until testing.  
 
5.2.3 Mechanical test with an acoustic emission measurement 
When predefined exposure times had elapsed, tensile or compressive tests were 
conducted on the specimens. For 0T, 90T, and 45T specimen, aluminum tabs were glued 
at both ends. All strength tests were conducted at room temperature. Testing speed was 
1mm/min for 0T, 0C, 90T, 90C, NHC, and OHC. The testing speed of 45T was 
2mm/min. Table 5.3.1 shows the number of specimen for each aging time. Basically 
five specimens for each aging time were tested except for follows. For 45T, NHC, and 
OHC specimen, some specimens separated at outermost 0°/-45° interlaminar layer due 
to fiber/matrix debonding and matrix cracking as shown in Fig. 4.3.6, Fig. 4.3.9, and 
Fig. 4.3.11.Thus the number of tested specimen was 2 or 3 for each test as shown in 
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Table 5.2.1. During mechanical tests, an acoustic emission measurement was also 
carried out to clarify the differences in damage progress due to thermo-oxidative 
degradation. One small sensor (AE-900M TYPE 1, NF Electronic Instruments) was 
mounted on the specimen surface. The AE measurement system consisted of 
pre-amplifier (9913, NF Electronic Instruments), discriminator (AE9922, NF Electronic 
Instruments), and AE signal processing module (As-712 NF Electronic Instruments). 
The pre-amplifier gain was 40dB and the main amplifier gain was set as 30dB. The 
discriminate low level and high level parameters were set as 150 mV and 225 mV, 
respectively. The low pass filter was 500 kHz. Figure 2.3.3 shows the frequency 
characteristic of the AE sensor. The AE measurement conditions were same as that of 
the SENB test in the Chapter 2. The schematic of test configuration was shown in Fig. 
5.2.1. 
 
Table 5.2.1 the number of specimen finally testing completed for each aging time. 
 
*a : Specimen separation occurred. 
 
Non-aging 100 h 500 h 1,000h 2000 h 4,000 h 8,000 h
0T 5 - - - 5 5 5
0C 5 - - - 3 3 5
90T 5 5 5 5 5 5 5
90C 5 - 5 5 5 5 5
45T 5 - - 5 5 5 2
NHC 5 - - 5 5 5 3
OHC 5 - - - 5 5 2
Exposed hours
ID
＊a 
＊a 
＊a 
Exposed Time  
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Figure 5.2.1 Schematic of test configuration. 
 
5.3 Results and Discussion 
5.3.1 Tensile test of 0° oriented unidirectional laminate  
Figure 5.3.1 though Fig. 5.3.4 show the relation among tensile stress, strain, and AE 
measurements for 0T at non-aging, 2,000 h, 4,000, and 8,000 h, respectively. As shown 
in these figures, stress increased linearly with increasing strain. The tensile strength 
decreased with increasing aging time. The AE signal initiation for aged specimens 
became lower stress level compared with that of non-aging specimen. For aged 
specimens, the cumulative AE energy value rapidly increased at lower stress level 
where large amplitude was measured. The splitting was occurred in specimen for lower 
stress level. Due to thermo-oxidative degradation, splitting in aged specimens appeared 
earlier compared with non-aging specimen. From the observation during testing, a stress 
where the first large amplitude of an AE signal measured corresponded to a stress for 
splitting onset. In this study, a stress where the first large amplitude onset point was 
defined as critical stress for damage initiation. Before specimen failure, the cumulative 
AE energy rapidly increased with increasing strain for aged specimens. In the vicinity of 
cumulative AE energy sharply increasing, continuous fiber breaking sound was heard 
with increasing strain. 
 
 
  
 
  
 
   
Pre-Amp. Discriminator Analyzer PC 
Bridge Box 
Data 
Logger 
Load Cell  
Displacement 
(Cross Head) 
AE Sensor 
Strain Gauge 
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Figure 5.3.1 Relation among stress, strain, and AE measurements for 0T at non-aging. 
 
Figure 5.3.2 Relation among stress, strain, and AE measurements for 0T at 2,000 h. 
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Figure 5.3.3 Relation among stress, strain, and AE measurements for 0T at 4,000 h. 
 
 
Figure 5.3.4 Relation among stress, strain, and AE measurements for 0T at 8,000 h. 
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Figure 5.3.5 Tensile strength and critical stress for initial damage as a function of aging 
time. 
 
Figure 5.3.5 shows the tensile strength and critical stress for damage initiation as a 
function of aging time. The error bar indicates standard deviation. Strength retention for 
2,000 h aging specimen compared with non-aging one was approximately 88%. As 
shown in Fig. 4.3.1 (e), the crack appeared on the exposed top and bottom surface after 
2,000h. Although the small damage affected on the strength, the damage was not severer 
on strength compared with other type of specimen. The decrease in fracture toughness 
of matrix also affected earlier damage onset. Thus the critical stress for initial damage 
was sharply dropped after 2,000 h. With increasing aging time, the strength decreased 
with linear tendency. These strengths retain approximately 85% and 78% for 4,000 h 
and 8,000 h. Figure 5.3.6 shows the images of 0T for non-aging specimen before and 
after failure. For non-aging specimen, fiber breaks appeared near the side free edge just 
before failure. Then the specimen was failed. Figure 5.3.7 shows the images of 0T for 
8,000 h aging before and after failure. With increasing cumulative AE energy over 1% 
strain, fiber breaking sounds were continuously heard until final failure. After failure, 
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fibers near specimen surface spread out. On the other hand, the fiber in the inner region 
of specimen did not spread. Thus, the strength reduction for 0T was surface phenomena 
and it might be dominated by surface oxidation caused by diffusion of oxygen. Figure 
5.3.8 shows Young’s modulus change for 0T as a function of aging time. The Young’s 
modulus was nearly-unchanged with increasing aging time. Because the tensile modulus 
was dominated by fibers, the effect of thermo-oxidative degradation on the Young’s 
modulus of 0T was also small. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (a) Final failure just before                        (b) After failure 
 
Figure 5.3.6 Images of 0T for non-aging before and after failure.   
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(a) Final failure just before                           (b) After failure 
 
Figure 5.3.7 Images of 0T for 8000 h aging before and after failure.  
 
 
Figure 5.3.8 Young’s modulus change for 0T as a function of aging time. 
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5.3.2 Compressive test of 0° oriented unidirectional laminate 
  Figure 5.3.9 to Fig. 5.3.12 show stress and strain curve for 0C at non-aging, 2,000 h, 
4,000 h and 8,000 h, respectively. Since noise was generated between the compressive 
test jig and the platen for compressive test, the results of AE measurement could not be 
analyzed. As shown in these figures, compressive stress increased linearly with 
increasing strain up to 0.5% strain. The effect of damage as shown in Fig. 4.3.2 on the 
strength was small. Figure 5.3.13 shows the compressive strength as a function of aging 
time. With increasing aging time, the strength slightly decreased with linear tendency. 
These strengths retain approximately 96%, 93%, and 87 % for 2,000 h, 4,000 h, and 
8,000 h, respectively. Thus the effect of thermo-oxidative degradation on the 0C 
strength was small. Figure 5.3.14 shows the Young’s modulus change of 0C as a 
function of aging time. The Young’s modulus of 0C hardly changed with increasing 
aging time. Because compressive modulus was dominated by fibers, the effect of 
thermo-oxidative degradation on the Young’s modulus of 0C was also small. 
 
 
 
 
 
 
 
 
 
 
Figure 5.3.9 Stress and strain curve for 0C at non-aging. 
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Figure 5.3.10 Stress and strain curve for 0C at 2,000 h.  
 
 
 
 
 
 
 
 
Figure 5.3.11 Stress and strain curve for 0C at 4,000 h. 
 
 
 
 
 
 
 
 
Figure 5.3.11 Stress and strain curve for 0C at 8,000 h. 
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Figure 5.3.13 Compressive strength for 0C as a function of aging time. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3.14 Compressive Young’s modulus change for 0C as a function of aging time. 
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5.3.3 Tensile test of 90° oriented unidirectional laminate 
Figures 5.3.15 to 5.3.21 show the relation among stress, strain, and AE measurements 
of tensile test for non-aging, 100h, 500 h, 1,000 h, 2,000 h, 4,000 h, and 8,000 h, 
respectively. As shown in these figures, stress increased linearly with increasing strain. 
The tensile strength decreased with increasing aging time. The AE signal initiation for 
aged specimens became lower stress level compared with that of non-aging specimen. 
After 100 h, large strength reduction occurred. The strength retention was 70%. As 
shown in Fig. 4.3.17 (b), crack onset was observed after 100 h. Although the crack was 
small, it had a great influence on the strength reduction. For aged specimen except for 
100 h one, the cumulative AE energy rapidly increased at lower stress level where large 
amplitude was measured. It would be caused by further crack onset in specimen as 
shown in Fig. 4.3.16 (e) and Fig. 4.3.16 (i) and matrix embrittlement due to 
thermo-oxidative degradation. A stress where the large AE amplitude measured point 
was defined as critical stress for damage initiation. A stress where the cumulative AE 
energy rapidly increases was defined as critical stress for main crack.  
 
 
Figure 5.3.15 Relation among tensile stress, strain, and AE measurements of 90T for 
non-aging.  
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 Figure 5.3.16 Relation among tensile stress, strain, and AE measurements of 90T for 
100 h. 
 
Figure 5.3.17 Relation among tensile stress, strain, and AE measurements of 90T for 
500 h.  
 
Figure 5.3.18 Relation among tensile stress, strain, and AE measurements of 90T for 
1,000 h. 
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Figure 5.3.19 Relation among tensile stress, strain, and AE measurements of 90T for 
2,000 h. 
 
Figure 5.3.20 Relation among tensile stress, strain, and AE measurements of 90T for 
4,000 h. 
 
Figure 5.3.21 Relation among tensile stress, strain, and AE measurements of 90T for 
8,000 h.  
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Figure 5.3.22 Tensile strength, critical stress for initial damage and critical stress for 
main crack for 90T as a function of aging time. 
 
Figure 5.3.22 shows the tensile strength, the critical stress for initial damage and the 
critical stress for main crack as a function of aging time. The error bar indicates 
standard deviation. The effect of 180 °C exposure on strength was severe and strength 
retention after 100h, 500 h, 1,000 h, 2,000 h, 4,000 h, and 8,000 h with non-aging one 
was 70%, 61%, 59%, 49%, 46%, and 25%, respectively. After 500 h to 4,000 h, strength 
reduction was smaller compared with first 100 h reduction. As for critical stress for 
initial damage, it linearly decreased with increase aging time up to 2,000 h. A possible 
reason of this linearly decreasing of critical stress for initial damage was crack growth 
along fiber direction due to thermo-oxidative degradation as shown in Fig. 4.3.3 (d) to 
Fig. 4.3.3 (f). As mentioned, many literatures [1-33, 1-37] reported thermo-oxidative 
degradation preferentially grow along fiber diction. However, for 4,000 h, critical stress 
for initial damage was almost the same compared with that of 2,000 h aging, though 
aging time was twice compared with 2,000 h. For non-aging, 100h, 500 h, and 1,000 h 
aging specimens, the final fracture occurred just after cumulative AE energy increasing 
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was measured. Thus, main crack onset which was caused by mechanical loading 
occurred subsequently to specimen final failure. In contrast, for 2,000 h and 4,000 h 
aging specimen, specimen fracture did not occur just after the cumulative energy 
increasing. The result indicated that the main crack onset did not correspond to final 
failure of specimen. From the AE measurement result for 4,000 h as shown in Fig. 
5.3.20 the cumulative AE energy increasing occurred immediately after AE signal 
initiation. Thus, the matrix was definitely degraded by thermo oxidation and small 
cracks initiated at the AE signal initiation point and grew rapidly with increasing 
cumulative AE energy. Then small cracks would become larger cracks. However, these 
larger cracks did not cause final failure. From macroscopic observation of specimen 
after tensile test as shown in Fig. 5.3.23, the specimens at non-aging and 500 h had flat 
fracture surface. By contrast, the specimens aged for between 1,000 h and 4,000 h 
showed fiber bridging. Thus, the failure mode of the specimen was changed and the 
fiber bridging would be resist strength reduction up to 4,000 h. Therefore, the tensile 
strength at 4,000 h was finally same as 2,000 h aging one. After 8,000 h, further strength 
reduction occurred again. The top and bottom surface was severely damaged as shown 
in Fig. 4.3.2 (j) and Fig. 4.3.3 (g) and weight decrease of 90T as shown in Fig. 3.6.2 was 
greater compared with that of other unidirectional laminates. This indicated further 
damage progress in this laminate.  
Figure 5.3.24 shows Young’s modulus change for 90T as a function of aging time. 
For non-aging specimen, the average Young’s modulus was obtained as 7.9 GPa. After 
100 h exposure, Young’s modulus increased approximately 3% (8.1GPa). It would be 
caused by post cure effect. After 500 h, maximum Young’s modulus was obtained with 
approximately 4% increase. After 500h, Young’s modulus was almost same or slightly 
decreasing. Thus, curing reaction had almost completed. The variation of Young’s 
modulus was not large with increasing aging time despite of crack growth which was 
approximately 0.9 mm length for one side at 4,000 h. 
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Figure 5.3.23 Macro observation of specimen after tensile test. (a) is non-aging, (b) is 
500 h, (c) is 1,000 h, (d) is 2,000 h, and (e) is 4,000 h, respectively.  
 
Figure 5.3.24 Young’s modulus change for 90T as a function of aging time. 
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5.3.4 Compressive test of 90° oriented unidirectional laminate 
Figures 5.3.25 to 5.3.30 show the stress and strain curve for 90C at non-aging, 500 h, 
1,000 h, 2,000 h, 4,000 h, and 8,000 h, respectively. Since noise was generated between 
the compressive test jig and the platen for compressive test, the results of AE measure 
could not be analyzed. As shown in these figures, compressive stress increased linearly 
with increasing strain. Due to thermo-oxidative degradation, strength decreased with 
increasing aging time. Figure 5.3.31 shows the compressive strength as a function of 
aging time. The error bar indicates standard deviation. The strength retention for 500 h 
aging specimen compared with non-aging one was approximately 107%. It would be 
caused by post cure effect due to cross linking in autoxidation reaction. For the cross 
section perpendicular to fiber direction, micro cracks were observed after 100 h 
exposure as shown in Fig. 4.3.16 (b). However, the micro cracks would not have severe 
effect on compressive strength up to 1,000 h. After 2,000 h, strength decreased 
compared with that of non-aging one. At 4,000 h, the strength did not decreased 
compared with that of 2,000 h. These strengths retain approximately 86%, 85% for 
2,000 h and 4,000 h, respectively.  
 
 
Figure 5.3.25 Stress and strain curve for 90C at non-aging. 
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Figure 5.3.26 Stress and strain curve for 90C at 500 h. 
 
 
Figure 5.3.27 Stress and strain curve for 90C at 1,000 h. 
 
 
Figure 5.3.28 Stress and strain curve for 90C at 2,000 h. 
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Figure 5.3.29 Stress and strain curve for 90C at 4,000 h. 
 
 
Figure 5.3.30 Stress and strain curve for 90C at 8,000 h. 
 
 
Figure 5.3.31 Compressive strength as a function of aging time. 
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Figure 5.3.32 shows the microscopic observation image from transverse direction 
around fracture region for compressive test specimen. (a) is non-aging, (b), (c), (d), and 
(e) are specimens for 500 h, 1,000h, 2,000 h, and 4,000 h aging, respectively. The 
inclined crack propagated through thickness diction for non-aging, 500h and 1,000 h 
aging specimen. Thus, the fracture mode is shear. In contrast, for 2,000 h and 4,000 h 
specimen as shown in Figure 5.3.32 (d) and (e), cracks initiated at the either surface 
propagated at an angle and then deflected to longitudinal direction. The results suggest 
that the transition of crack propagation direction from shear to shear and longitudinal 
direction would be affected by thermo-oxidative degradation. As mentioned for 4,000 h 
aging, the compressive strength reduction did not occur. A possible reason for the 
strength retention mechanism was fiber bridging that was same as tensile strength 
results. However, the detail of how the fiber bridging affected compressive strength 
retention was unknown. After 8,000 h, the strength slightly decreased and the strength 
retention was 81 %. It was not large reduction compared with tensile strength. Thus the 
effect of thermo-oxidative degradation on compressive strength of 90C was small. 
Figure 5.3.33 shows compressive Young’s modulus for 90C as a function of aging 
time. For non-aging specimen, compressive Young’s modulus was obtained as 9.2 GPa. 
After 1,000 h exposure, compressive Young’s modulus increased approximately 7% 
(9.8GPa). It would be caused by post cure effect. After 2,000 h to 8,000 h, Young’s 
moduli slightly decrease. Thus, curing reaction had almost finished and matrix damage 
effect would emanate. 
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Figure 5.3.32 Microscopy observation image from transverse direction around fracture 
region of compressive test specimen. (a) is non-aging. (b), (c) , (d), and (e) are aging 
specimen for 500 h, 1,000h, 2,000 h, and 4,000 h, respectively. 
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Figure 5.3.33 Compressive Young’s modulus change for 90C as a function of aging 
time. 
 
 
5.3.5 Tensile test of ±45° oriented angle-ply laminates 
Figures 5.3.34 to 5.3.38 show the relation among shear stress, strain, and AE 
measurements of 45T for non-aging, 1,000 h, 2,000 h, 4,000 h, and 8,000 h, respectively. 
The shear stress was obtained by Eq. (5-1). 
Shear stress = σ/2  (5-1) 
where σ is tensile stress.  
Strain γ was obtained by Eq. (5-2). 
γ = ε1 − ε2    (5-2) 
where ε1 and ε2 are average strain for longitudinal direction of specimen and average 
strain for transverse direction of specimen, respectively. 
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Figure 5.3.34 Relation among shear stress, strain, and AE measurements for 45T at 
non-aging. 
 
Figure 5.3.35 Relation among shear stress, strain, and AE measurements for 45T at 
1,000 h. 
 
Figure 5.3.36 Relation among shear stress, strain, and AE measurements for 45T at 
2,000 h. 
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Figure 5.3.37 Relation among shear stress, strain, and AE measurements of 45T for 
4,000 h. 
 
Figure 5.3.38 Relation among shear stress, strain, and AE measurements of 45T for 
8,000 h. 
 
As shown in these figures, shear stress increased linearly with increasing strain for 
the lower strain. Although the AE signal onset appeared at lower strain value, no 
variation was observed in the shear strength between non-aging and 1,000 h. As shown 
in Fig. 4.3.5, the fiber/matrix debonding and resultant matrix crack from exposed top 
and bottom surface penetrate to -45° layer. Thus the outermost ±45º layers actually were 
damaged. However the damage was not critical on the shear strength up to 1,000 h. In 
latter aging periods, the shear strength decreased with increasing aging time. The AE 
signal initiation for aged specimens became lower compared with that of non-aging 
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specimen. The AE signal onset would correspond to local delamination onset. After 
4,000 h aging specimen, larger strength reduction occurred. The strength retention for 
4,000 h was approximately 47%. As shown in Fig. 4.3.6 (i), local delamination onset 
after isothermal aging was observed. Thus the local delamination had a great influence 
on the strength reduction. After 8,000 h, shear strength retention was approximately 7%. 
In this case, the laminate was severely damaged due to local delamination onset in 
entire the specimen as shown in Fig. 4.3.6 (j). Figure 5.3.39 shows the images for 45T 
after failure. (a) is non-aging, (b) is 4,000 h, and (c) is 8,000 h, respectively. From these 
figures, no change in failure mode was observed. The failure occurred with 
delamination. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Non-aging              (b) 4,000 h                (c) 8,000 h 
Figure 5.3.39 Images for 45T after failure.  
 
 
Figure 5.3.40 shows the shear stress for final failure and critical stress for edge 
delamination as a function of aging time. The error bar indicates standard deviation. The 
effect of 180 °C exposure on strength was severe and the strength retention after 1,000 h, 
5 mm 5 mm 5 mm 
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2,000 h, 4,000 h, and 8,000 h with non-aging one was 99%, 90%, 47%, and 7%. As for 
critical stress for local delamination, it decreased with increase aging time up to 8,000 h.  
 
 
 
 
 
 
 
 
 
 
Figure 5.3.40 Shear strength for final failure and critical stress for edge delamination as 
a function of aging time. 
 
Figure 5.3.41 shows shear modulus change of 45T as a function of aging time. For 
non-aging specimen, the average shear modulus was obtained as 5.2 GPa. With 
increasing aging time, shear modulus significantly decreased. It was caused by local 
delamination.    
 
 
Figure 5.3.41 Shear modulus change as a function of aging time. 
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In general, for multidirectional laminates under tensile loading, edge delamination 
appear before laminates failure. The edge delamination is resulted from the interlaminar 
stresses induced at free edges when the laminate is loaded in in-plane. A fracture 
mechanism of edge delamination in multidirectional laminate had been established by 
O’Brien [5-6]. Based on the fracture energy consideration, the relationship between the 
critical energy release rate and the edge delamination onset strain is described as Eq. 
(5-3). 
Gc = εc
2 t (E−E’) / 2  (5-3) 
where εc is delamination onset strain, t is the specimen thickness, E is no damaged 
Young’s modulus, and E’ is delaminated laminate Young’s modulus.  
Lee [5-7] found a relation between E and E’ based on test results. 
E’ ≈ 0.7 E   (5-4) 
Thus Eq. (5-3) is described with Eq. (5-4) 
Gc = 0.15 εc
2 t E  (5-5) 
In this study, εc was defined as an edge delamination onset strain corresponded to 
critical stress for edge delamination . 
Figure 5.3.42 shows the critical energy release rate Gc change as a function of aging 
time. The Gc significantly decreased in the first 1,000 h. This result suggested that the 
matrix or fiber/matrix interface where adjacent to exposed free edge surface in the 
interlaminar layer was severely damaged. The Fiber/matrix debonding and subsequent 
matrix cracking progressed along thickness direction as shown in Fig. 4.3.9. On the 
other hand, no matrix crack was observed at 0°/-45° interface layer after 4,000 h as 
shown in Fig. 4.3.24 (d). Moreover, as mentioned in chapter 2, the fracture toughness of 
the neat resin did not show such a larger decrease compared with the Gc result. 
Therefore the fiber/matrix interface would be largely damaged.  
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Figure 5.3.42 Critical energy release rate Gc change as a function of aging time. 
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3.6 Compressive test of quasi-isotropic laminate 
Figures 5.3.43 to 5.3.47 show the relation among compressive stress, strain, and AE 
measurements of NHC for non-aging, 1,000 h, 2,000 h, 4,000 h, and 8,000 h, 
respectively. For 8,000 h, strain could not be measured by strain gauge due to the 
outermost layer peeled just after loading. Thus the strain for 8,000 was obtained as cross 
head displacement divided by specimen length. Since noise was generated between the 
compressive test jig and the platen for compressive test, only cumulative energy was 
analyzed with audible sound and visual observation during testing. As shown in these 
figures, compressive stress increased linearly with increase strain. The cumulative AE 
energy sharply increasing point gradually shifted to lower stress level with increasing 
aging time. After 8,000h, the outermost 45° layer peeled at 45/0° interlaminar layer as 
soon as the specimen was loaded. From visual observation during testing, the 
cumulative AE energy increasing stress corresponded to local delamination onset. The 
strain where the cumulative AE energy rapidly increasing point corresponded to 
delamination onset.  
 
 
 
 
 
 
 
 
 
 
Figure 5.3.43 Relation among shear stress, strain, and AE measurements of NHC for 
non-aging. 
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 Figure 5.3.44 Relation among shear stress, strain, and AE measurements of NHC for 
1,000 h. 
 
 
 
 
 
 
 
 
Figure 5.3.45 Relation among shear stress, strain, and AE measurements of NHC for 
2,000 h.  
 
 
 
 
 
 
 
 
Figure 5.3.46 Relation among shear stress, strain, and AE measurements of NHC for 
4,000 h. 
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Figure 5.3.47 Relation among shear stress, strain, and AE measurements of NHC for 
8,000 h. 
 
Figure 5.3.48 shows the compressive strength, the critical stress for local 
delamination and the critical stress for delamination as a function of aging time. The 
error bar indicates standard deviation. The strength retentions after 1,000 h, 2,000 h, 
4,000 h and 8,000 h compared with non-aging one were approximately 89%, 85%, 68%, 
and 47%, respectively. With decreasing the critical stress for local delamination and 
critical stress for delamination, the compressive stress decreased. Thus the failure 
mechanism was basically same irrespective of aging time. For 4,000 h, the cumulative 
AE energy rapidly increased without the cumulative AE energy stable increasing as 
shown in Fig. 5.3.46. This result suggested that the local delamination rapidly grew as a 
delamination due to the damage of interfaces between layers as show in Fig. 4.3.8 (g).  
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Figure 5.3.48 Compressive strength, critical stress for local delamination and critical 
stress for delamination as a function of aging time. 
 
Figure 5.3.49 shows the NHC specimen images of just before specimen failure. (a) is 
non-aging, (b) is 1,000 h, (c) is 2,000 h, (d) is 4,000 h, and (e) is 8,000 h, respectively. 
For non-aging, the outermost 45° layer peeled before failure. For 1,000 h, outermost 45° 
layer or 0° layer peeled just before specimen failure, while some specimens did not peel 
before specimen failure. For 2,000 h, the outermost 45° layer in both side peeled as a 
first and the outermost 0° layer peeled in both side following before specimen failure. 
For 4,000 h, failure mechanism was same manner with 2,000 h partway. Before final 
failure onset, the damage of the 0°/-45° interface was observed. The 0° layer peeled in 
lower stress level compared with that of 2,000h. For 8,000 h, 45° layer peeled in lower 
stress level and successive 0° layer peeled. Crack also appeared in outermost -45° layer, 
90° layer, secondly 45°layer, and secondly 0°/-45° interface layer before specimen 
failure.  
To estimate the effect of the damage progress from exposed top and bottom surface 
on the NHC strength, laminate theory was used. Experimental data of non-aging for 
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unidirectional laminate were used for calculation. Table 5.3.1 shows mechanical 
properties of laminates. Obtained compressive Young’s modulus with using these 
properties for no damage case was 46.0 GPa. The failure strain was 1.2 % which was 
obtained from non-aging test result. From the observation of damage behavior during 
loading, outermost two plies for each side were neglected to calculate strength at 2,000 
h aging. For the strength estimation at 4,000 h, outermost four plies for each side were 
neglected for effective cross sectional are. For strength estimation at 8.000 h, outermost 
six plies for each side were neglected. Figure 5.3.50 shows compressive strength was 
calculated with the assumption of such a damage progress. The predictions were in good 
agreement with the experimental results regardless of simple assumption. Thus the 
damages from exposed top and bottom surface dominated the compressive strength of 
the quasi-isotropic laminates. For multidirectional laminates in compressive loading, the 
damage progress from exposed top and bottom surfaces are important to estimate 
residual strength. For more accurate residual mechanical properties, modeling for 
damage initiation and progress would be needed. 
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             (a) Non-aging                        (b) 1,000 h 
 
 
 
 
 
 
 
 
 
 
             (c) 2,000 h                          (d) 4,000 h  
 
Figure 5.3.49 NHC specimen image of just before specimen failure (Continued). 
1 mm 
1 mm 
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     (e) 8,000 h 
 
Figure 5.3.49 NHC specimen image of just before specimen failure. 
 
Table 5.3.1 Mechanical properties of laminates 
 
 
Properties (Unit) Value
Longitudinal Young's moulus for compression (GPa) EL 116
Tranveres Young's modulus for compression (GPa) ET 9.2
In-plane shear modulus  (GPa) G 5.2
Longitudinal Poisson's ratio νLT 0.31
Tranverse Poisson's ratio νTL 0.02
Ply thick ness (mm) t 0.14
Ply width (mm) W 25.4
it inal c mpressive Young’s odulus (GPa) 
ransverse compressive Young’s modulu  (GPa) 
1 mm 
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Figure 5.3.50 Compressive strength comparing the assumption of the damage case for 
each aging time. 
 
5.3.7 Compressive test of quasi-isotropic laminate with hole 
To measure strain, an extensometer (Model 632.11F-20; MTS Systems Corporation) 
was placed around hole of specimen. In order to obtain nominal stress value, load was 
divided by reduced cross-sectional area around hole. 
Figures 5.3.51 to 5.3.54 show the relation among OHC stress, strain, and AE 
measurements of OHC for non-aging, 2,000 h, 4,000 h, and 8,000 h, respectively. Since 
noise was generated between the compressive test jig and the platen for compressive 
test, only cumulative AE energy was analyzed. The OHC strength increased linearly 
with increasing strain up to 4,000 h aging. For 8,000 h, the stress did not increased 
linearly due to delamination onset around hole. The cumulative AE energy increasing 
point shifted to lower stress level with increasing aging time compared with that of 
non-aging specimen.  
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Figure 5.3.51 Relation among shear stress, strain, and AE measurements of OHC for 
non-aging. 
 
Figure 5.3.52 Relation among shear stress, strain, and AE measurements of OHC for 
2,000 h. 
 
Figure 5.3.53 Relation among shear stress, strain, and AE measurements of OHC for 
4,000 h 
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Figure 5.3.54 Relation among shear stress, strain, and AE measurements of OHC for 
8,000h. 
 
Figure 5.3.55 shows OHC specimen image after specimen failure. For non-aging and 
2,000 h, failure mode was laterally compressive failure across the center of the hole. For 
4,000h, crack appeared around hole before failure. For 8,000h, crack appeared around 
hole just after loading and the outermost layer peeled as soon as loaded the specimen 
was loaded similar to NHC.  
With decreasing the cumulative AE energy increasing stress, the compressive strength 
decreased. Form visual observation in testing, a strain where the cumulative AE energy 
sharply increasing point corresponded to edge delamination and/or delamination onset 
around hole for 2,000 h, 4,000 h, and 8,000 h. 
 
 
 
 
 
 
 
 
(a) Non-aging         (b) 2,000 h         (C) 4,000 h          (d) 8,000 h 
 
Figure 5.3.55 OHC specimen images after specimen failure. 
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Figure 5.3.56 shows the OHC strength and the critical stress for edge delamination as 
a function of aging time. The error bar indicates standard deviation. The strength 
retentions after 2,000 h, 4,000 h and 8,000 h compared with non-aging were 
approximately 93%, 82%, and 53%, respectively. For 8,000 h, 45° layer peeled in lower 
stress level and adjacent 0° layer might peel. Because the strength retention of the OHC 
for 8,000 h was similiar value compared with that of NHC. For OHC specimen the 
damages from exposed top and bottom surface were also dominated the OHC strength. 
Therefore the strength reduction mechanism was same manner as the NHC.  
 
 
Figure 5.3.56 OHC strength and critical stress for edge delamination as a function of 
aging time. 
 
  Figure 5.3.57 shows the strength ratio compared the NHC strength to the OHC 
strength as a function of aging time. For non-aging, it seemed that the stress 
concentration was not large. The strength ratio decreased with increasing up to 4,000 h. 
Thus the stress concentration was relaxed by the crack and delamination onset around 
hole as shown in Fig. 4.3.10. 
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Figure 5.3.57 Strength ratio compared NHC to OHC as a function of aging time. 
 
 
5.3.8 Mechanical properties retention for CFRP 
Figure 5.3.58 and Fig. 5.3.59 show the change in strength and modulus due to 
thermo-oxidative degradation, respectively. For the change in the strength for 90 T and 
45T, the larger decrease was confirmed compared with the other specimen. This result 
suggested that matrix and fiber/matrix interface were severely damaged. For the change 
in modulus, the figure shows shear modulus for 45T was severely decreased after 8,000 
compared with the other specimen. Local delamination as shown in Fig. 4.3.6 (j) 
affected modulus reduction. The modulus for the other specimen did not show such a 
large decrease. The result suggested that the effect of thermo-oxidative degradation on 
modulus for CFRP was basically small. 
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Figure 5.3.58 Change in strength due to thermo-oxidative degradation for each aging 
time. 
 
Figure 5.3.59 Change in modulus due to thermo-oxidative degradation for each aging 
time. 
 
 
5.3.9 Relation between strength retention and weight change 
Figure 5.3.60 shows the relation between strength retention and weight change for 
each type of specimen. In this figure, it could be divided the three types of failure 
mechanism. First was fiber domination type. Second was matrix domination type. Third 
was delamination domination type. The first type was 0T and 90C. The second type is 
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90T and 45T. The third type was NHC and OHC. For fiber domination type, main load 
bearing member was fiber. For matrix domination, the crack open direction was 
perpendicular or inclined to loading direction and the damage of fiber/matrix interface 
due to thermo oxidation was responsible for greater strength reduction. For 
delamination domination type, the cracks from top and bottom surface penetrate to 
under layer and the strength reduction was caused by delamination onset due to 
interlaminar layer damage by thermo oxidation. The result suggested that a weight 
change could correlate some strength retention with considering what type of specimen 
tested.  
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3.60 Relation between strength retention and weight change for each type of 
specimen. 
 
5.4 Conclusions 
In order to investigate the effect of long-term high temperature exposure on 
mechanical properties of CFRP, isothermal aging test was carried out and subsequent 
mechanical tests were also conducted. 0° oriented tensile and compressive (0T and 0C), 
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90° oriented tensile and compressive (90T and 90C), ±45° oriented tensile (45T), and 
quasi-isotropic laminates with and without hole (NHC and OHC) were employed in 
mechanical testing. Form these results, conclusions obtained are as follows.  
 
(1) With increasing aging time, the AE signal initiation shifted lower stress level due to 
crack onset and/or matrix embrittlement.  
(2) For 0T, the critical stress for initial damage was corresponded to matrix crack such 
as splitting. The cumulative AE energy increasing stress was corresponded to fiber 
breaking. Fiber breaking during loading appeared due to matrix embrittlement caused 
by thermo-oxidative degradation. The inner region of specimen did not represent such a 
mode. The strength reduction was surface phenomena and it might be dominated by 
surface oxidation caused by diffusion of oxygen. 
(3) For 0C, the change in compressive strength was small. The effect of 
thermo-oxidative degradation on the strength of 0C was small. 
(4) For 90T, after 100 h aging, the decrease in strength was larger. Crack appeared in 
exposed free edge surface perpendicular to fiber had a great influence on strength. 
Failure mode changed from embrittled failure of matrix to fiber bridging. The fiber 
bridging would be resist strength reduction up to 4,000 h. 
(5) For 90C, the strength retention was 81% after 8000 h. The effect of 
thermo-oxidative degradation on the strength of 90C was small.  
(6) For 45T, the strength retention was 7% after 8,000h. The shear modulus also showed 
larger reduction. The effect of thermo-oxidative degradation on the mechanical 
properties of 45T was crucial. The critical energy release rate Gc which was calculated 
with an edge delamination onset strain sharply decreased after 1,000 h. From the result 
and the change in fracture toughness (KIC) result of the neat resin in chapter 2, the 
fiber/matrix interface was severely damaged.   
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(7) For NHC, the damage progress from the top and bottom surfaces caused the 
decrease in strength. After 2,000 h aging, outermost 45° layer and successive 0° layer 
was peeled with increasing strain. The compressive strength was calculated with the 
assumption of damage progress from observation result for each aging time. The 
predictions were in good agreement with the experimental results regardless of simple 
assumption. 
(8) For OHC, a strain where the cumulative AE energy rapidly increased corresponded 
to edge crack onset and/or delamination onset around hole for 2,000 h, 4,000 h and 
8,000h. Edge crack rapidly grow into delamination due to embrttlement of matrix 
caused by thermo-oxidative degradation for 8,000 h specimen. The damages from 
exposed top and bottom surface were also dominated the OHC strength. The strength 
reduction mechanism was same manner as the NHC. The strength ratio compared the 
NHC strength to the OHC strength decreased with increasing aging time up to 4,000 h. 
Thus the stress concentration was relaxed by the crack and delamination onset around 
hole. 
(9) From the result of comparison between strength retention and weight change, the 
damage mechanisms could be divided as three there types such as the fiber, matrix, and 
delamination domination types. The result suggested that a weight change could 
correlate strength retention with considering what type of specimen tested.  
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CHAPTER 6 
Experimental evaluation for accelerated aging for CFRP by 
increasing pressure technique  
 
This chapter describes the effect of accelerated aging by means of increasing pressure 
on properties of CFRP laminates.  
 
6.1 Introduction 
To develop an accelerated aging method, the effect of long-term high temperature 
exposure under pressurized environment on weight change and damage behavior and 
resultant mechanical properties for CFRP was investigated. PCy neat resin and their 
CFRP were exposed to high temperature pressurized environment for a long term. To 
validate the accelerated method, change in weight, damage behavior, and residual 
mechanical properties were compared with no accelerated aging.  
 
6.2 Experimental Procedures 
6.2.1 Preparation of specimen 
The material used for this study was a PCy neat resin (FSD-M-08178) and their 
composites (T700SC/FSD-M-08178) fabricated using unidirectional prepreg system. 
The CFRP laminates were cured by Fuji Heavy Industries Ltd. (FHI) in Japan. The 
number of plies for both unidirectional and angle-ply laminates was eight. On the other 
hand, the number of plies for quasi-isotropic laminate was twenty four, as shown in 
Table 3.2.1. All panels were cured according to manufacturer’s recommended cure cycle. 
The curing temperature for laminates was 180 °C and post-curing temperature was 
230 °C. These panels were cut using a diamond blade into a dimension as shown in 
ASTM D 5045-99 [2-1] for SENB, ASTM D3039 [5-1] for 0° and 90° oriented 
unidirectional tensile specimen, ASTM D 3410 [5-2] for 90° oriented unidirectional 
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compression test, ASTM D 3518 [5-3] ±45° oriented tensile specimen, and ASTM D 
6641 [5-4] for quasi-isotropic compression specimen. Each specimen for SENB, 0° 
orientated unidirectional tensile and compression, 90° orientated unidirectional tensile 
and compression, ±45° oriented tensile, and quasi-isotropic compression specimen were 
denoted as Neat, 0T, 0C, 90T, 90C, 45T, and NHC , respectively. Specimen cutting and 
grinding procedure were same as that of previous chapter. 
 
6.2.2 Accelerated aging test  
Specimens were placed in a vacuum oven at 110 °C under 0.5 atm for 48 h to remove 
moisture and volatile elements within the specimens. The number of specimens for each 
aging time was five. Figure 6.2.1 shows a pressurized vessel. These specimens were set 
in pressurized vessel. Figure 6.2.2 shows the schematic of accelerated aging test. The 
vessel was exposed at 180 °C in an oven up to 2,000 h. The conditions of applied 
pressure for accelerated aging were 0.3 MPa and 0.5 MPa in air. The air in pressurized 
vessel was refreshed every 24 h. When specified time elapsed, specimens were removed 
from the pressurized vessel and cooled to room temperature on an aluminum plate 
approximately 5 minutes, and then weight measurement was carried out. After 
accelerated aging tests, specimens were stored in a desiccator until testing. Weight 
measurement and mechanical test procedures are same as previous chapter. 
 
 
 
 
 
 
 
Figure 6.2.1 Pressure vessel. 
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Figure 6.2.2 Schematic of accelerated aging test. 
 
6.3.1 Results and Discussion 
6.3.1 PCy neat resin  
6.3.1.1 Weight change for PCy neat resin  
Figure 6.3.1 shows weight change for PCy neat resin for each pressure. Due to 
increasing pressure, oxygen partial pressure increased. As a result, oxygen concentration 
in the matrix increased. Thus the rate of reaction between R• and oxygen for 
propagation step in autoxidation increased. Finally the increase in weight for accelerated 
aging in the early stage was faster than that of no accelerated aging. The value of 
obtained maximum weight also increased with increasing applied pressure. As an 
experimental result, the aging time of the maximum weight gain were 500 h, 405 h, and 
295 h for 0.1 MPa, 0.3 MPa, and 0.5 MPa, respectively. It indicated that the propagation 
step was accelerated by increasing pressure. After the maximum weight was gained, the 
weight began to decrease with a steady rate for each applied pressure. This result 
indicated that termination step in autoxidation reaction become predominantly 
compared with the propagation step that incorporated oxygen. Due to increasing 
pressure, the weight decrease also accelerated with increasing pressure. This result 
indicated that the increase in ROO• caused the increase in the rate of termination step 
and resultant weight decrease accelerated. The weight change percent after 2,000 h for 
c
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Vessel
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Compressor
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each applied pressure were almost same value. From the result, the degree of 
thermo-oxidative degradation could not be determined with only change in weight after 
a certain time. The rate of the weight change must be analyzed to evaluate increasing 
pressure technique. 
 
 
Figure 6.3.1 Weight change of PCy neat resin for each pressure. 
 
 
6.3.1.2 Change in fracture toughness 
Figure 6.3.2 shows fracture toughness change for each applied pressure as a function 
of aging time. The change in fracture toughness due to increasing pressure was not 
varied. The thermo-oxidative degradation in the neat resin was surface phenomena and 
fracture toughness was same value with increasing aging time. Thus the effect of 
increasing pressure on fracture toughness for the PCy neat resin was small.  
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Figure 6.3.2 Fracture toughness change for each pressure as a function of aging time. 
 
6.3.2 CFRP laminates with PCy 
6.3.2.1 Weight change for CFRP 
  Figure 6.3.3 shows weight change of 0T for each applied pressure. Figure 6.3.4 
shows weight change of 90T for each applied pressure. Figure 6.3.5 shows weight 
change of 90C for each applied pressure. Among these figures, the rate of the increase 
in weight for unidirectional laminates also increased due to increasing pressure in the 
early stage compared with that of no accelerated aging. The value of the maximum 
weight gain also increased with increasing applied pressure. After the maximum weight 
was gained, the weight began to decrease. The rate of the decrease in weight increased 
and reached a steady rate with increasing aging time. This result indicated that 
termination step in autoxidation reaction become predominantly compared with the 
propagation step that incorporated oxygen. For increasing pressure condition, greater 
weight gain was measured. The weights for 0T and 90T for increasing pressure 
condition after 2,000 h were larger than that of atmospheric pressure. From these results, 
the degree of thermo-oxidative degradation could not be determined with only change in 
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weight after a certain time. The rate of the weight change must be analyzed to evaluate 
increasing pressure technique.  
 
 
 
Figure 6.3.3 Weight change of 0T for each applied pressure 
 
 
 
Figure 6.3.4 Weight change of 90T for each applied pressure 
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Figure 6.3.5 Weight change of 90C for each applied pressure 
 
Figure 6.3.6 and Fig. 6.3.7 show weight change for the 45T and the NHC for each 
applied pressure. The change in weight for multidirectional laminates showed quite 
different behavior compared with unidirectional laminates. At first, weight increasing 
was also measured. The larger weight increasing with increasing applied pressure was 
also observed. For the 45T in both 0.3 MPa and 0.5 MPa condition, the decrease in 
weight was observed after 500 h. After that the weight re-increasing was observed for 
each applied pressure condition. This result suggested that surface area increasing due 
to fiber/matrix debonding and subsequent micro cracking might appear in specimens. 
Successive oxygen uptake reaction occurred on the surface of the unreacted core. For 
the NHC, the weight also re-increased with increasing aging time. The mechanism of 
the weight increasing would be same compared with the 45T case. For the 
multidirectional laminates, the accelerated mechanism was different compared with 
unidirectional laminates. Because the damage onset such fiber/matrix debonding and 
matrix cracking would be accelerated and the successive damage continuously would be 
generated. Thus oxygen uptake reaction continued. Therefore the decrease in weight for 
multidirectional laminates with PCy could not be accelerated up to 2,000 h. 
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Figure 6.3.6 Weight change of 45T for each applied pressure 
 
 
Figure 6.3.7 Weight change of NHC for each applied pressure. 
 
 
6.3.2.2 Change in damage initiation and progress 
6.3.2.2.1 Soft x-ray radiography 
 Figure 6.3.8 shows the soft X-ray images of entire specimen for 0C under 0.3 MPa. 
Figure 6.3.9 shows the magnified soft X-ray images of specimen for 0C under 0.3 MPa. 
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In these figures, (a) is 20 h, (b) is 50 h, (c) is 75 h, (d) is 100 h, (e) is 400 h, (f) is 1,000 
h, and (g) is 2000 h, respectively. No crack was observed up to 400 h for exposed free 
edge parallel to fiber direction. After 1,000 h, crack was observed in the exposed free 
edge. After 2,000 h, cracks appeared in exposed top and bottom surface. The tendency 
of damage initiation and progress during accelerated aging under 0.3 MPa was similar 
to no accelerated aging result. 
 
  (a) 20 h   (b) 50 h    (c) 75 h   (d) 100 h  (e) 400 h   (f) 1,000h  (g) 2,000 h 
 
 
 
 
Figure 6.3.8 Soft X-ray images of entire specimen for 0C under 0.3 MPa.
0° (Longitudinal) 
90° (Transverse) 
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      (a) 20 h                  (b) 50 h                   (c) 75 h 
 
 
 
 
 
  
 
(d) 100 h                  (e) 400 h                 (f) 1,000 h 
 
 
 
 
 
 
 
(g) 2,000 h 
       
Figure 6.3.9 Magnified soft X-ray images of specimen for 0C under 0.3 MPa.  
 
  Figure 6.3.10 shows the soft X-ray images of entire specimen for 0C under 0.5 MPa. 
Figure 6.3.11 shows the magnified soft X-ray images of specimen for 0C under 0.5 MPa. 
In these figures, (a) is 100 h, (b) is 400 h, (c) is 1,000 h, and (d) is 2,000 h, respectively. 
No change in damage initiation and progress was observed for the result of under 0.5 
MPa compared with no accelerated aging (0.1 MPa) and 0.3 MPa conditions. 
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            (a) 100 h    (b) 400 h      (c) 1,000 h    (d) 2,000 h   
 
Figure 6.3.10 Soft X-ray images of entire specimen for 0C under 0.5 MPa. 
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      (a) 100 h                     (b) 400 h                (c) 1000 h 
 
 
 
 
 
 
 
 (d) 2000 h 
 
Figure 6.3.11 Magnified soft X-ray images of specimen for 0C under 0.5 MPa.  
 
 
 Figure 6.3.12 shows the soft X-ray images of entire specimen for 90C under 0.3 MPa. 
Figure 6.3.13 shows the magnified soft X-ray images of specimen for 0C under 0.3 MPa. 
In these figures, (a) is 20 h, (b) is 50 h, (c) is 75 h, (d) is 100 h, (e) is 400 h, (f) is 1,000 
h, and (g) is 2,000 h, respectively. No crack was observed up to 75 h. After 100 h, crack 
emanated at exposed free edge surface perpendicular to fiber direction. With increasing 
aging time, the cracks propagated into inner region along fiber direction. Damage 
confirmed hours for X-ray image was earlier than that of no accelerated aging. Damage 
initiation and progress tendency was same manner compared with no accelerated aging. 
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    (a) 20 h           (b) 50 h         (c) 75 h           (d) 100 h   
 
 
 
 
 
 
Figure 6.3.12 Soft X-ray images of specimen for 90C under 0.3 MPa (Continued). 
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     (a) 150 h         (b) 400 h      (c) 1,000 h           (d) 2,000 h 
 
 
 
 
 
Figure 6.3.12 Soft X-ray images of specimen for 90C under 0.3 MPa. 
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       (a) 20 h                   (b) 50 h                  (c) 75 h 
 
 
 
 
 
 
 
       (d) 100 h                  (e) 400 h                 (f) 1000 h 
 
 
 
 
 
 
 
 (g) 2000 h  
 
Figure 6.3.13 Magnified soft X-ray images of specimen for 90C under 0.3 MPa. 
 
Figure 6.3.14 shows the soft X-ray images of entire specimen for 90C under 0.5 MPa. 
Figure 6.3.15 shows the magnified soft X-ray images of specimen for 90C under 0.5 
MPa. In these figures, (a) is 100 h, (b) is 400 h, (c) is 1,000 h, and (d) is 2,000 h, 
respectively. After 100 h, cracks emanated at the exposed free edge. With increasing 
aging time, the cracks propagated into inner region. The damage initiation and progress 
was same manner compared with no accelerated aging (0.1 MPa) and 0.3 MPa 
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conditions. In comparison with same aging time with each pressure condition, it seemed 
that the damage of 0.5 MPa condition was the most severe damage.  
 
 
 
      (a) 100 h         (b) 400 h         (c) 1,000 h         (d) 2,000 h 
 
 
 
 
 
Figure 6.3.14 Soft X-ray images of specimen for 90C under 0.5 MPa. 
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(d) 2000 h 
 
Figure 6.3.15 Magnified soft X-ray images of specimen for 90C under 0.5 MPa. 
 
 
Figure 6.3.16 shows the soft X-ray images of entire specimen for 45T under 0.3 MPa. 
Figure 6.3.17 shows the magnified soft X-ray images of specimen for 45T under 0.3 
MPa. In these figures, (a) is 50 h, (b) is 400 h, (c) is 1,000 h, and (d) is 2,000 h, 
respectively. After 50 h, cracks appeared in the exposed top and bottom surface. After 
400 h, the number of crack increased. Moreover cracks emanated in the -45º layer. 
Thus the cracks from exposed top and bottom surfaces penetrated to the -45º layer. 
After 1,000 h, delamination partially occurred at exposed free edge surface. After 
2,000h, delamination appeared in entire exposed free edge surface. The -45° layer was 
also severely damaged along fiber direction. Three fifth of specimens were peeled by 
2,000 h between the 45º and the -45º layer. 
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      (a) 50 h         (b) 400 h          (c) 1,000 h        (d) 2,000 h 
 
 
 
 
 
 
 
 
 
Figure 6.3.16 Soft X-ray images of specimen for 45T under 0.3 MPa. 
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Figure 6.3.17 Magnified soft X-ray images of specimen for 45T under 0.3 MPa. 
 
 
Figure 6.3.18 shows the soft X-ray images of entire specimen for 45T under 0.5 MPa. 
Figure 6.3.19 shows the magnified soft X-ray images of specimen for 45T under 0.5 
MPa. In these figures, (a) is 100 h, (b) is 200 h, (c) is 400 h, (d) is 1,000 h, and (e) is 
2,000 h, respectively. After 100 h, cracks appeared at the exposed top and bottom 
surfaces. After 200 h, cracks appeared in top and bottom surfaces increased in number. 
The crack emanated along -45° fiber direction in the -45° layer. After 400 h, the cracks 
appeared in the -45° layer propagated along the fiber direction and the number of crack 
increased. Delamination partially appeared at exposed free edge surface. With 
increasing aging time, the specimen was severely damaged due to the crack and the 
delamination onset. Three fifth of specimens were peeled by 2,000 h aging between the 
45º and the -45º layer. In comparison with same aging time with each pressure condition, 
the damage progress was accelerated with increasing pressure.  
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Figure 6.3.18 Soft X-ray images of specimen for 45T under 0.5 MPa. 
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Figure 6.3.19 Magnified soft X-ray images of specimen for 45T under 0.5 MPa. 
 
 
Figure 6.3.20 shows the soft X-ray images of entire specimen for NHC under 0.3 
MPa. Figure 6.3.21 shows the magnified soft X-ray images of specimen for NHC under 
0.3 MPa. In these figures, (a) is 25 h, (b) is 100 h, (c) is 200 h, (d) is 400 h, and (e) is 
1,000 h, respectively. No damage was observed after 25 h. Fiber/matrix debonding and 
matrix cracks emanated at exposed top and bottom surface after 100 h. Matrix crack 
also emanated along transverse direction in 90° layer after 200 h. After 1,000 h, the 
matrix crack from exposed top and bottom surface penetrated to 0° layer. The crack 
adjacent to exposed free edge surface also propagated into specimen along fiber 
direction. Figure 6.3.25 (e) show the shadow in the exposed free edge. It indicated the 
local delamination in interface of the vicinity of expose side surface. Three fifth of 
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specimens were peeled by 2,000 h aging between the outermost 0º and the -45º interface 
layer. Thus the damage from exposed top and bottom surface would cause local 
delamination onset and subsequent ply separation onset. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     (a) 25 h      (b) 100 h      (c) 200 h    (d) 400 h   (e) 1,000 h 
 
 
 
 
 
 
 
Figure 6.3.20 Soft X-ray images of specimen for NHC under 0.3 MPa. 
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Figure 6.3.21 Magnified soft X-ray images of specimen for NHC under 0.3 MPa. 
 
 
Figure 6.3.22 shows the soft X-ray images of entire specimen for NHC under 0.5 
MPa. Figure 6.3.23 shows the magnified soft X-ray images of specimen for NHC under 
0.5 MPa. In these figures, (a) is 25 h, (b) is 100 h, (c) is 200 h, and (d) is, 1,000 h, 
respectively. For the damage initiation and progress, the same tendency was observed 
compared with the 0.3 MPa condition. In comparison with the result of 0.3 MPa and 0.5 
MPa, the degree of damage for 0.5 MPa more or less progressed. Three fifth of 
specimens were peeled by 2,000 h aging between the outermost 0º and the -45º interface 
layer. Thus the damage from exposed top and bottom surface would cause local 
delamination onset and subsequent ply separation onset. 
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Figure 6.3.22 Soft X-ray images of specimen for NHC under 0.5 MPa. 
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Figure 6.3.23 Magnified soft X-ray images of specimen for NHC under 0.5 MPa. 
 
 
6.3.2.2.2 Microscopic morphology 
 Figure 6.3.24 shows the exposed free edge surface parallel to fiber direction in 0C 
under 0.3 MPa for each aging time. Figure 6.3.29 shows magnified image of exposed 
free edge surface parallel to fiber direction in 0C under 0.3 MPa for each aging time. 
In these figures, (a) is 20 h, (b) is 50 h, (C) is 75 h, (d) is 100 h, (e) is 200 h, (f) is 400 h, 
and (g) is 1,000 h, respectively. Fiber drop out was observed after 25 h. Fiber/matrix 
debonding was observed after 400 h by shrinkage profile measurement. No matrix crack 
was observed up to 400 h. Matrix crack occurred after 1,000 h.  
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(a) 20 h                 (b) 50 h              (c) 75 h 
 
   
(d) 100 h      (e) 200 h        (f) 400 h 
 
  
(g) 1,000 h 
 
Figure 6.3.28 Exposed free edge surface parallel to fiber direction in 0C under 0.3 MPa 
for each aging time.
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(a) 20 h    (b) 50 h      (c) 75 h 
 
   
 (d) 100 h   (e) 200 h      (f) 400 h  
 
 
   (g) 1,000 h 
 
Figure 6.3.29 Magnified image of exposed free edge surface parallel to fiber direction in 
0C under 0.3 MPa for each aging time. 
 
 
Figure 6.3.30 shows the exposed free edge surface parallel to fiber direction in 0C 
under 0.5 MPa for each aging time. Figure 6.3.31 shows magnified image of exposed 
free edge surface parallel to fiber direction in 0C under 0.5 MPa for each aging time. In 
these figures, (a) is 20 h, (b) is 50 h, (C) is 100 h, (d) is 200 h, (e) is 400 h, (f) is 1,000 h, 
and (g) is 2,000 h, respectively. The dropout of fiber was observed after 25 h. 
Fiber/matrix debonding was observed after 50 h. Cracks were observed after 2,000 h.  
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(a) 25 h    (b) 50 h       (c) 100 h 
 
   
 
(d) 200 h    (e) 400 h      (f) 1,000 h 
 
 
 
(g) 2,000 h  
 
 
Figure 6.3.30 Exposed free edge surface parallel to fiber direction in 0C under 0.5 MPa 
for each aging times.  
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(a) 25 h     (b) 50 h             (c) 100 h 
 
   
(d) 200 h     (e) 400 h       (f) 1,000 h 
 
 
 
(g) 2,000 h 
 
 
Figure 6.3.31 Magnified image of exposed free edge surface parallel to fiber direction in 
0C under 0.5 MPa for each aging time. 
 
 
  Figure 6.3.32 shows the exposed free edge surface perpendicular to fiber direction in 
90C under 0.3 MPa for each aging time. Figure 6.3.33 shows magnified image of 
exposed free edge surface perpendicular to fiber direction in 90C under 0.3 MPa for 
each aging time. In these figures, (a) is 20 h, (b) is 50 h, (C) is 75 h, (d) is 100 h, (e) is 
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150 h, (f) is 200 h, (g) is 400 h, (h) is 1,000, and (i) is 2,000 h, respectively. After 20 h, 
the fiber/matrix debonding onset was confirmed by confocal laser microscopy. After 20 
h, matrix cracks also appeared near the fiber. With increasing aging time, the crack 
formed in multiple directions and propagated in the laminate.  
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Figure 6.3.32 Exposed free edge surface perpendicular to fiber direction in 90C under 
0.3 MPa for each aging time 
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(a) 20 h     (b) 50 h      (c) 75 h 
 
   
(d) 100 h    (e) 150 h       (f) 200 h 
 
   
(g) 400 h   (h) 1,000 h      (i) 2,000 h 
 
 
 
 
 
 
Figure 6.3.33 Magnified image of exposed free edge perpendicular to fiber direction in 
90C under 0.3 MPa for each aging time. 
 
 
 Figure 6.3.34 shows the exposed free edge surface perpendicular to fiber direction in 
90C under 0.5 MPa for each aging time. Figure 6.3.35 shows magnified image of 
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exposed free edge surface perpendicular to fiber direction in 90C under 0.5 MPa for 
each aging time. In these figures, (a) is 20 h, (b) is 50 h, (C) is 100 h, (d) is 200 h, (e) is 
400 h, (f) is 1,000 h, and (g) is 2,000 h, respectively. After 25 h, the fiber/matrix 
debonding onset was confirmed by confocal laser microscopy. Matrix cracks were also 
observed after 50 h.  
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(g) 2,000 h  
 
Figure 6.3.34 Exposed free edge surface perpendicular to fiber direction in 90C under 
0.5 Pa for each aging time 
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(a) 25 h     (b) 50 h           (c) 100 h 
 
   
 
(d) 200 h     (e) 400 h        (f) 1,000 h 
 
 
 
(g) 2,000 h 
 
Figure 6.3.35 Magnified image of exposed free edge perpendicular to fiber direction in 
90C under 0.5 MPa for each aging time. 
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 Figure 6.3.36 shows the exposed free edge surface parallel to longitudinal direction in 
45T under 0.3 MPa for each aging time. Figure 6.3.37 shows magnified image of 
intralaminar on the exposed free edge surface parallel to longitudinal direction in 45T 
under 0.3 MPa for each aging time. Figure 6.3.38 shows magnified image of 
interlaminar on the exposed free edge surface parallel to longitudinal direction in the 
45T under 0.3 MPa for each aging time. In these figures, (a) is non-aging, (b) is 50 h, 
(C) is 100 h, (d) is 400 h, and (e) is 1,000 h, respectively. For intralaminar fiber/matrix 
debonding was observed after 100 h. After 400 h, a matrix crack which propagated from 
45°/-45° interlaminar was observed. For interlaminar, cracks were observed near the 
fiber after 50 h. Fiber/matrix debonding was observed after 100 h. Inclined cracks 
which appeared at interlaminar increased with increasing aging time. 
 
   
(a) Non-aging     (b) 50 h      (c) 100 h 
 
  
   (d) 400 h         (e) 1000 h  
 
 
Figure 6.3.36 Exposed free edge surface parallel to longitudinal direction in 45T under 
0.3 MPa for each aging time.  
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(a) Non-aging     (b) 50 h       (c) 100 h 
 
  
  (d) 400 h      (e) 1000 h  
 
Figure 6.3.37 Magnified image of intralaminar on the exposed free edge surface parallel 
to longitudinal direction in 45T under 0.3 MPa for each aging time.  
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  (d) 400 h      (e) 1000 h  
Figure 6.3.38 Magnified image of interlaminar on the exposed free edge surface parallel 
to longitudinal direction in the 45T under 0.3 MPa for each aging time. 
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Figure 6.3.39 shows the exposed free edge surface parallel to longitudinal direction 
in 45T under 0.5 MPa for each aging time. Figure 6.3.40 shows magnified image of 
intra-lamina layer on the exposed free edge surface parallel to longitudinal direction in 
45T under 0.5 MPa for each aging time. Figure 6.3.41 shows magnified image of 
interlaminar on the exposed free edge surface parallel to longitudinal direction in the 
45T under 0.5 MPa for each aging time. In these figures, (a) is 100 h, (b) is 200 h, (C) is 
400 h, and (d) is 1,000 h, respectively. Fiber/matrix debonding was observed after 100 h. 
After 1,000 h, a crack which propagated from 45°/-45° interlaminar was observed. For 
interlaminar, cracks were observed near the fiber after 100 h. Fiber/matrix debonding 
was also observed after 100 h. Inclined cracks which appeared at interlaminar increased 
with increasing aging time.  
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     (d) 1,000 h 
 
Figure 6.3.39 Exposed free edge surface parallel to longitudinal direction in 45T under 
0.5 MPa for each aging time.  
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(d) 1,000 h 
 
Figure 6.3.40 Magnified image of intralaminar on the exposed free edge surface parallel 
to longitudinal direction in the 45T under 0.5 MPa for each aging time.  
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Figure 6.3.41 Magnified image of interlaminar on the exposed free edge surface 
parallel to longitudinal direction in the 45T under 0.5MPa for each aging time. 
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Figure 6.3.42 shows the exposed free edge surface parallel to longitudinal direction 
in NHC under 0.3 MPa for each aging time. Figure 6.3.43 shows magnified image of 
exposed free edge surface parallel to longitudinal direction in NHC under 0.3 MPa for 
each aging time. In these figures, (a) is 25 h, (b) is 100 h, (C) is 200 h, (d) is 400 h, and 
(e) is 1,000 h, respectively. Matrix cracks appeared in the 90º layer and the -45º/90º 
interlaminar after 100 h. With increasing aging time, COD increased. After 400 h, some 
cracks propagated within the ±45º layer and the matrix cracks located at 90º/45º 
interface region was propagated in the interface. After 1,000 h, delamination was 
observed at the -45º/90º interlaminar. Furthermore, in the 0º/-45º interlaminar, matrix 
crack also appeared. 
Figure 6.3.44 shows the exposed free edge surface parallel to longitudinal direction 
in NHC under 0.5 MPa for each aging time. Figure 6.3.45 shows magnified image of 
exposed free edge surface parallel to longitudinal direction in NHC under 0.5 MPa for 
each aging time. In these figures, (a) is 25 h and (b) is 100 h. After 100 h, matrix cracks 
appeared in the 90º layer and the 90º/45º interlaminar.  
From these results, accelerated aging by means of increasing pressure could 
accelerate the damage initiation and progress without the change in damage mechanism. 
Finally, Table 5.3.1 and Table 5.3.2 show damage confirmed time for each laminate by 
accelerated aging test. Table 5.3.1 is 0.3 MPa condition and Table 5.3.2 is 0.5 MPa 
condition.  
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(a) 25 h    (b) 100 h    (c) 200 h   (d) 400 h    (e) 1,000 h  
Figure 6.3.42 Exposed free edge surface parallel to longitudinal direction of NHC under 0.3 MPa for each aging time. 
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Figure 6.3.43 Magnified image of exposed free edge surface parallel to longitudinal direction of NHC under 0.3 MPa for each aging time. 
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(a) 25 h    (b) 100 h  
Figure 6.3.44 Exposed free edge surface parallel to longitudinal direction of NHC under 0.5 MPa for each aging time. 
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Figure 6.3.45 Magnified image of exposed free edge surface parallel to longitudinal direction of NHC under 0.5 MPa for each aging time. 
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Table 5.3.1 Damage confirmed hours for each laminate by accelerated aging test (0.3MPa). 
 
 
 
 
 
 
 
 
 
Table 5.3.2 Damage confirmed hours for each laminate by accelerated aging test (0.5MPa). 
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6.3.2.3 Change in mechanical properties 
  Figure 6.3.42 shows tensile strength and critical stress for initial damage for 0T for 
each applied pressure as a function of aging time. Due to increasing pressure, the 
decrease in tensile strength was faster compared with atmospheric air condition as 
shown in Fig. 5.3.5, whereas the critical stress for initial damage was almost same value. 
The data show the decrease in the tensile strength correlate with applied pressure. Thus 
the result of tensile strength reduction could be obtained by increasing pressure. The 
faster fiber/matrix debonding onset and the thicker thermo-oxidative layer formation 
might cause strength reduction. However the detail mechanism of strength reduction 
was still unknown. For the 0.3 MPa, the strength retention after 2,000 h was 
approximately 79 %. For the 0.5 MPa, the strength retention after 1,000 h was 
approximately 80%. These values corresponded to the strength retention after 8,000 h 
for the 0.1 MPa condition.  
 
 
 
 
Figure 6.3.42 Tensile strength and critical stress for damage initiation for 0T for each 
applied pressure as a function of aging time. 
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Figure 6.3.43 shows the Young's Modulus for the 0T for each applied pressure as a 
function of aging time. The Young's modulus for each applied pressure also decreased 
with increasing aging time. These decreases in Young's modulus were accelerated 
compared with atmospheric air condition as shown in Fig. 5.3.8. The data show the 
Young's modulus also correlate with applied pressure. Thus the decrease in the Young's 
modulus for the 0T can be accelerated by increasing pressure. For the 0.3 MPa, the 
Young's modulus retention after 2,000 h was approximately 93 %. For the 0.5 MPa, the 
Young's modulus retention after 1,000 h was approximately 93%. These values 
corresponded to the Young's modulus retention after 8,000 h for the 0.1 MPa condition.   
 
 
 
 
 
 
 
 
 
 
Figure 6.3.43 Young’s modulus for 0T for each applied pressure as a function of aging 
time. 
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Figure 6.3.44 shows the relation among tensile strength, critical stress for main crack, 
and critical stress for initial damage for 90T for each applied pressure as a function of 
aging time. Due to increasing pressure, the decrease in the tensile strength, the critical 
stress for initial damage, and the critical stress for main crack decreased faster than that 
of atmospheric air condition as shown in Fig. 5.3.22. The data show the decrease in the 
tensile strength correlate with applied pressure. Thus the result of tensile strength 
reduction for 90T could be obtained by increasing pressure.  For the 0.3 MPa, the 
strength retention after 2,000 h was approximately 13 %. For the 0.5 MPa, the strength 
retention after 1,000 h was approximately 10 %. These values corresponded to the 
strength retention after 8,000 h for the 0.1 MPa condition. 
 
 
Figure 6.3.44 Relation among tensile strength, critical stress for main crack, and critical 
stress for initial damage for 90T for each applied pressure as a function of aging time. 
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Figure 6.3.45 shows the Young's Modulus for the 90T for each applied pressure as a 
function of aging time. The Young's modulus for each applied pressure increased with 
increasing aging time in the first aging period. These increases in Young's modulus were 
accelerated compared with atmospheric air condition as shown in Fig. 5.3.8. Due to 
increasing applied pressure the formation of thermo-oxidative layer might be thicker 
and resultant area for further cross linking progress in matrix occurred in the 
thermo-oxidative layer. As a result the change in Young’s modulus for 90T increased. 
The data show the increase in the Young's modulus also correlate with applied pressure. 
Thus the increase in the Young's modulus for the 90T can be accelerated by increasing 
pressure. On the other hand, the decrease in the Young’s modulus emanated after 1,000 
h and 200 h for 0.3 MPa and 0.5 MPa, respectively. The damage from top and bottom 
surface as shown in Fig. 6.3.17 (f) and Fig. 6.3.19 (c) observed after 1,000 h and 400 h 
for 0.3 MPa and 0.5 MPa, respectively. Thus the damage affected the change in the 
Young’s modulus.  
 
 
 
 
 
 
 
 
 
 
Figure 6.3.45 Young’s modulus for 90T for each applied pressure as a function of aging 
time. 
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  Figure 6.3.46 shows compressive strength for 90C for each applied pressure as a 
function of aging time. Due to increasing pressure, the decrease in the tensile strength, 
the critical stress for initial damage, and the critical stress for main crack decreased 
faster than that of atmospheric air condition as shown in Fig. 5.3.31. The data show the 
decrease in the compressive strength correlate with applied pressure. Thus the result of 
compressive strength reduction for 90C could be obtained by increasing pressure. For 
the 0.3 MPa, the strength retention after 400 h was approximately 89 %. For the 0.5 
MPa, the strength retention after 400 h was approximately 87%. These values 
corresponded to the strength retention after 2.000 h for the 0.1 MPa condition. In 
accelerated aging test for 90C, the data show larger strength reduction compared with 
that of atmospheric pressure.  
 
 
Figure 6.3.46 compressive strength for 90C for each applied pressure as a function of 
aging time. 
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Figure 6.3.47 shows the compressive Young's Modulus for the 90C for each applied 
pressure as a function of aging time. The compressive Young's modulus for each applied 
pressure increased with increasing aging time in the first aging period. These increases 
in compressive Young's modulus were accelerated compared with atmospheric air 
condition as shown in Fig. 5.3.8. The same mechanism affected the Young’s modulus 
increasing as mentioned in the 90T test result. Resultant the Young’s modulus for 90T 
increased due to cross linking. The data show the increase in the Young's modulus also 
correlate with applied pressure. Thus the increase in the Young's modulus for the 90C 
can be accelerated by increasing pressure. On the other hand, the decrease in the 
Young’s modulus emanated after 1,000 for 0.3 MPa and 0.5 MPa. The damage affected 
the change in the Young’s modulus.  
 
 
 
 
Figure 6.3.47 compressive Young’s modulus for 90C for each applied pressure as a 
function of aging time. 
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Figure 6.3.48 shows shear stress for final failure and the critical stress for edge 
delamination for 45T for each applied pressure as a function of aging time. Due to 
increasing pressure, the decrease in both the tensile stress for final failure and the 
critical stress for edge delamination decreased faster than that of atmospheric air 
condition as shown in Fig. 5.3.40. The data show the decrease in those properties for 
45T correlated with applied pressure. Thus the reduction of the tensile stress for final 
failure and the critical stress for edge delamination for 45T could be obtained by 
increasing pressure. For the 0.3 MPa, the strength retention after 1,000 h and 2,000 h 
were approximately 62 % and 31%, respectively. For the 0.5 MPa, the strength retention 
after 1,000 h was approximately 51%. These values corresponded to the strength 
retention after 4,000 h for the 0.1 MPa condition.  
 
 
 
 
 
 
 
 
Figure 6.3.48 Shear Stress for Final Failure and critical stress for edge delamination for 
45T for each applied pressure as a function of aging time. 
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Figure 6.3.49 shows the shear modulus for the 45T for each applied pressure as a 
function of aging time. The shear modulus for each applied pressure also decreased with 
increasing aging time. These decreases in shear modulus were accelerated compared 
with atmospheric air condition as shown in Fig. 5.3.41. The data show the shear 
modulus also correlate with applied pressure. Thus the decrease in the shear modulus 
for the 45T can be accelerated by increasing pressure. For the 0.3 MPa, the shear 
modulus retention after 2,000 h was approximately 73 %. For the 0.5 MPa, the shear 
modulus retention after 1,000 h was approximately 62%. These values corresponded to 
the shear modulus retention after 8,000 h for the 0.1 MPa condition.  
 
 
 
Figure 6.3.49 Shear modulus for 45T for each applied pressure as a function of aging 
time. 
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Figure 6.3.50 shows compressive strength and the critical stress for local 
delamination for NHC for each applied pressure as a function of aging time. Due to 
increasing pressure, the decrease in both the compressive strength and the critical stress 
for edge delamination decreased faster than that of atmospheric air condition as shown 
in Fig. 5.3.50. However the data show the strength reduction between 0.3 MPa 
condition and 0.5 MPa condition were almost the same. The faster strength reduction 
could be achieved by increasing pressure while it is not necessary to pressure more than 
0.3 MPa for accelerating strength reduction for NHC up to 1,000h. For the 0.3 MPa and 
0.5 MPa, strength retentions after 1,000 h were approximately 80 % and 83%, 
respectively. These values corresponded to the strength retention after 2.000 h for the 
0.1 MPa condition.  
 
 
Figure 6.3.50 compressive strength and critical stress for local delamination for NHC 
for each applied pressure as a function of aging time. 
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Figure 6.3.51 shows the Young’s modulus for the NHC for each applied pressure as 
a function of aging time. The Young’s modulus for the NHC for each applied pressure 
nearly-unchange or slightly increased. The Young’s modulus nearly-unchanged for 
atmospheric pressure condition up to 8,000 h as shown in Fig.5.3.51. No change for the 
compressive Young’s modulus for NHC under increasing pressure was consistent with 
the results. Thus the accelerate evaluation for strength reduction of the NHC could be 
achieved by increasing pressure without the change in Young’s modulus. 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3.51 compressive Young’s modulus for NHC for each applied pressure as a 
function of aging time. 
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was perpendicular to fiber direction of unidirectional laminates (90C) was observed, 
because of greater relative shrinkage coefficient as shown in Fig. 4.3.37 in chapter 4. 
 Figure 6.3.52 shows relative shrinkage coefficient ’ of 90 C for each applied pressure 
as a function of aging time. For aged specimens, the relative shrinkage coefficient 
significantly increased in the first aging period. It also appeared that the saturation of 
the ’ due to reaction completion between R• and oxygen in the exposed free edge 
surface. Because of increasing pressure, the cross link occurred in the deeper position of 
the matrix compared with that of atmospheric pressure condition. Thus the saturation of 
’ for increasing pressure was greater than that of atmospheric pressure condition. As an 
example of the change in the ’, obtained ’ were 0.35 and 0.33 for the 0.3 MPa and 0.5 
MPa, respectively. These values corresponded to change in the ’ after 290 h for the 0.1 
MPa condition. 
 
 
  
 
Figure 6.3.52 Relative shrinkage coefficient ’ of 90 C for each applied pressure as a 
function of aging time. 
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6.3.2.5 Analytical modeling for evaluation of accelerated aging by increasing pressure 
To evaluate the accelerated aging technique by increasing pressure, an analytical 
model is needed. For the thermo-oxidative degradation in polymer, the rate of 
thermo-oxidative degradation of a given property described using the Dakin’s kinetic 
equation as Eq. (6-1) [6-1].  
      = - k f    (6-1)   
where f is investigated property, t is aging time, k is rate constant, and  is the order of 
the degradation. The main factors for weight change and the modulus change were 
chemical structural change in the matrix. From the experimental results of weight 
change and modulus change, the kinetic reaction was high-order reaction as a function 
of aging time. On the other hand, it could be regarded as a first order reaction in a 
shorter aging period. Figure 6.3.53 shows the image of investigated property change as 
a function of aging time.  
 
 
 
Figure 6.3.53 Image of investigated property change as a function aging time. 
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When the reaction rate of investigated property could be described as a first-order 
reaction for each steady stage, =1 could be applied. From the experimental result, the 
investigated properties had several steady states a certain aging time. The rate constant 
for k1, k2, and k3 are reaction rate for each steady state. From the assumption, =1 used 
in this study. In this case Eq. (6-1) is transformed as Eq. (6-2)  
-lnf = k t - lnf0       (6-2)   
where f0 is reference value (t=0) for investigated property.   
The temperature dependence for the k was often described by Arrhenius equation [1-80]. 
In this study, testing temperature was constant, and then k is constant. On the other hand, 
the reaction rate for the weight change and resultant mechanical properties change were 
accelerated from experimental test results. Thus the k would be also a function of 
pressure. Assuming that the k could be expressed pressure ratio and n-th power low.        
k ∝ k (   ) n       (6-3)  
where P0 is reference pressure and P is pressure for accelerating aging test. In this study 
P0 is atmospheric pressure. Finally f is obtained from Eq. (6-2) and Eq. (6-3) as follows.  
lnf = ln f0 - k
 (   )n t      (6-4) 
In this study, k for each steady stage was obtained by experimental data for atmospheric 
pressure. n for each reaction stage was obtained by parameter fitting to the experimental 
results for 0.3MPa with using obtained each k.  
Figure 6.3.54 shows the exponential law of weight change W between 0 and 50 h 
under 0.1 MPa for SENB test specimen as a function of aging time. Figure 6.3.55 shows 
the exponential law of weight change W between 500 h and 4,000 h under 0.1 MPa for 
SENB test specimen as a function of aging time. Figure 6.3.56 shows the exponential 
law of weight change W between 4,000 h and 8,000 h under 0.1 MPa for SENB test 
P 
P0 
P 
P0 
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specimen as a function of aging time. From these graphs, obtained approximately lines 
were as follows.  
-lnW = -1×10-5 t – 0.89    (6-5)  
-lnW = 8×10-7 t – 0.89     (6-6)  
-lnW = 4×10-7 t – 0.89     (6-6)  
From Eq. (6-5) to Eq. (6-6), the rate constant for each steady state as shown in Fig. 
6.3.53 were k1 = -1×10
-5, k2 = 8×10
-7, and k3 = 4×10
-7. Resultant obtained n for each 
reaction stage were n1 = 1.6, n2 = 1.0, and n3= 1.4, respectively.  
Figure 6.3.57 shows the comparison of experimental (0.1MPa) and analytical data of 
weight change for SENB specimen. Figure 6.3.58 shows comparison of experimental 
(0.3MPa) and analytical data of weight change for SENB specimen. Figure 6.3.59 
shows comparison of experimental (0.3MPa) and analytical data of weight change for 
SENB specimen. For 0.5 MPa condition, slop value of analytical data for each stage 
were calculated by k and n which were obtained by the results of 0.1 MP and 0.3 MPa 
test conditions. The change in slope value of analytical data for each weight change 
show good correlation compared with each applied pressure result. Thus the rate 
constant for thermo-oxidative degradation in weight change for PCy neat resin was 
dominated by chemical reaction and a function of pressure ratio.  
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Figure 6.3.54 Weight (-lnW) between 0 and 50 h under 0.1 MPa for SENB specimen as 
a function of aging time. 
 
 
Figure 6.3.55 Weight (-lnW) between 500 and 4,000 h under 0.1 MPa for SENB 
specimen as a function of aging time. 
 
 
Figure 6.3.56 Weight (-lnW) between 4,000 and 8,000 h under 0.1 MPa for SENB 
specimen as a function of aging time. 
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Figure 6.3.57 Comparison of experimental (0.1 MPa) and analytical data of weight 
change for SENB specimen as a function of aging time. 
 
 
Figure 6.3.58 Comparison of experimental (0.3 MPa) and analytical data of weight 
change for SENB specimen as a function of aging time. 
 
 
Figure 6.3.59 Comparison of experimental (0.5 MPa) and analytical data of weight 
change for SENB specimen as a function of aging time. 
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Figure 6.3.60 shows the exponential law of weight change W between 0 and 75 h 
under 0.1 MPa for 0T as a function of aging time. Figure 6.3.61 shows the exponential 
law of weight change W between 197 h and 3,500 h under 0.1 MPa for 0T as a function 
of aging time. Figure 6.3.62 shows the exponential law of weight change W between 
3,500 h and 8,000 h under 0.1 MPa for 0T as a function of aging time. From these 
graphs, obtained approximately lines for each reaction stage were as follows.  
-lnW = -1×10-5 t – 1.9     (6-7)  
-lnW = 2×10-6 t – 1.9      (6-8)  
-lnW = 6×10-7 t – 1.9      (6-9)  
From Eq. (6-7) to Eq. (6-9), the rate constant for each steady state as shown Fig. 
6.3.52 were k1 = -1×10
-5, k2 = 2×10
-6, and k3 = 6×10
-7. Obtained n for each reaction 
stage were n1 = 1.1, n2 = 0.3, and n3= 0.3, respectively. Figure 6.3.63 shows comparison 
of experimental (0.1MPa) and analytical data of weight change for 0T. Figure 6.3.64 
shows comparison of experimental (0.3MPa) and analytical data of weight change for 
0T. Figure 6.3.65 shows comparison of experimental (0.5MPa) and analytical data of 
weight change for 0T. The change in slope value of analytical data for weight change 
show good correlation compared with each applied pressure test result. Thus the rate 
constant for thermo-oxidative degradation in weight change for 0T was also dominated 
by chemical reaction and a function of pressure ratio.  
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Figure 6.3.60 Weight (-lnW) between 0 and 75 h under 0.1 MPa for 0T as a function of 
aging time. 
 
  
Figure 6.3.61 Weight (-lnW) between 197 h and 3,500 h under 0.1 MPa for 0T as a 
function of aging time. 
 
  
Figure 6.3.62 Weight (-lnW) between 3,500 h and 8,000 h under 0.1 MPa for 0T as a 
function of aging time. 
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Figure 6.3.63 Comparison of experimental (0.1 MPa) and analytical data of weight 
change for 0T as a function of aging time. 
 
  
Figure 6.3.64 Comparison of experimental (0.3 MPa) and analytical data of weight 
change for 0T as a function of aging time. 
 
 
Figure 6.3.65 Comparison of experimental (0.5 MPa) and analytical data of weight 
change for 0T as a function of aging time. 
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Figure 6.3.66 shows the exponential law of the Young’s modulus change E between 0 
and 8,000 h under 0.1 MPa for 0T as a function of aging time. From the graph, obtained 
approximately lines was Eq. (6-10).  
-lnE = 8×10-6 t – 4.8     (6-10)   
From Eq. (6-10), the rate constant for steady state as shown in Fig. 6.3.66 was k1 = 
8×10-6. Obtained n was 1.6. Figure 6.3.67 shows comparison of experimental (0.1MPa) 
and analytical data of the Young’s modulus change for 0T. Figure 6.3.68 shows 
comparison of experimental (0.3MPa) and analytical data of Young’s modulus change 
for 0T. Figure 6.3.69 shows comparison of experimental (0.5MPa) and analytical data of 
the Young’s modulus change for 0T. The change in slope value of analytical data for the 
Young’s modulus show good correlation compared with each applied pressure test 
result.  
Thus the rate constant for thermo-oxidative degradation in the Young’s modulus 
change for 0T was also dominated by chemical reaction and a function of pressure ratio.   
   
 
 
Figure 6.3.66 Young’s modulus (-lnE) under 0.1 MPa for 0T as a function of aging time. 
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Figure 6.3.67 Comparison of experimental (0.1 MPa) and analytical data of Young’s 
modulus for 0T as a function of aging time. 
 
  
Figure 6.3.68 Comparison of experimental (0.3 MPa) and analytical data of Young’s 
modulus for 0T as a function of aging time. 
 
 
Figure 6.3.69 Comparison of experimental (0.5 MPa) and analytical data of Young’s 
modulus for 0T as a function of aging time. 
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In other unidirectional laminate experimental results for 90T and 90C, same tendency 
for weight change and Young’s modulus change were obtained. Figure 6.3.70 shows the 
weight (-lnW) between 0 and 100 h under 0.1 MPa for 90T as a function of aging time. 
Figure 6.3.71 shows the weight (-lnW) between 385 and 1,250 h under 0.1 MPa for 90T 
as a function of aging time. Figure 6.3.72 shows the weight (-lnW) between 1,250 and 
5,000 h under 0.1 MPa for 90T as a function of aging time. From these graphs, slop 
value of approximately lines for weight of 90T were obtained. Figure 6.3.73 through Fig. 
6.3.75 show the comparison of experimental and analytical data of weight change for 
90T for each applied pressure as a function of aging time. The change in slope values of 
analytical data for weight show good correlation compared with each applied pressure 
test result. Thus the rate constant for thermo-oxidative degradation in weight change for 
90T was also dominated by chemical reaction and a function of pressure ratio. Figure 
6.3.76 shows the Young’s modulus (-lnE) between 0 and 500 h under 0.1 MPa for 90T 
as a function of aging time. Figure 6.3.77 shows the Young’s modulus (-lnE) between 
4,000 and 8,000 h under 0.1 MPa for 90T as a function of aging time. From these 
graphs, slop value of approximately lines for Young’s modulus of 90T were obtained. 
Figure 6.3.78 through Fig. 6.3.80 show the comparison of experimental and analytical 
data of the Young’s modulus for 90T for each applied pressure as a function of aging 
time. The change in slope values of analytical data for the Young’s modulus show good 
correlation compared with each applied pressure test result. Thus the rate constant for 
thermo-oxidative degradation in the Young’s modulus change for 90T was also 
dominated by chemical reaction and a function of pressure ratio. Figure 6.3.81 shows 
the weight (-lnW) between 0 and 100 h under 0.1 MPa for 90C as a function of aging 
time. Figure 6.3.82 shows the weight (-lnW) between 100 h and 1,250 h under 0.1 MPa 
for 90C as a function of aging time. Figure 6.3.83 shows the weight (-lnW) between 
1,250 and 4,000 h under 0.1 MPa for 90C as a function of aging time. From these 
graphs, slop value of approximately lines for weight of 90C were obtained. Figure 
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6.3.84 through Fig. 6.3.86 show the comparison of experimental and analytical data of 
weight change for 90C for each applied pressure as a function of aging time. The 
change in slope values of analytical data for weight show good correlation compared 
with each applied pressure for 90C test result. Thus the rate constant for 
thermo-oxidative degradation in weight change for 90C was also dominated by 
chemical reaction and a function of pressure ratio. Figure 6.3.87 shows the Young’s 
modulus (-lnE) between 0 and 1,000 h under 0.1 MPa for 90C as a function of aging 
time. Figure 6.3.88 shows the Young’s modulus (-lnE) between 1,000 and 8,000 h under 
0.1 MPa for 90C as a function of aging time. From these graphs, slop value of 
approximately lines for Young’s modulus of 90C were obtained.  Figure 6.3.89 through 
Fig. 6.3.91 show the comparison of experimental and analytical data of the Young’s 
modulus change for 90C for each applied pressure as a function of aging time. The 
change in slope values of analytical data for the Young’s modulus of 90C show good 
correlation compared with each applied pressure test result. Thus the rate constant for 
thermo-oxidative degradation in the Young’s modulus change for 90C was also 
dominated by chemical reaction and a function of pressure ratio.   
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Figure 6.3.70 Weight (-lnW) between 0 and 100 h under 0.1 MPa for 90T as a function 
of aging time. 
 
 
Figure 6.3.71 Weight (-lnW) between 385 and 1,250 h under 0.1 MPa for 90T as a 
function of aging time. 
 
 
Figure 6.3.72 Weight (-lnW) between 1,250 and 5,000 h under 0.1 MPa for 90T as a 
function of aging time. 
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Figure 6.3.73 Comparison of experimental (0.1 MPa) and analytical data of weight 
change for 90T as a function of aging time. 
 
 
Figure 6.3.74 Comparison of experimental (0.3 MPa) and analytical data of weight 
change for 90T as a function of aging time. 
 
  
Figure 6.3.75 Comparison of experimental (0.5 MPa) and analytical data of weight 
change for 90T as a function of aging time. 
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Figure 6.3.76 Young’s modulus (-lnE) between 0 and 500 h under 0.1 MPa for 90T as a 
function of aging time. 
 
 
 
Figure 6.3.77 Young’s modulus (-lnE) between 4,000 and 8,000 h under 0.1 MPa for 
90T as a function of aging time. 
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Figure 6.3.78 Comparison of experimental (0.1 MPa) and analytical data of Young’s 
modulus for 90T as a function of aging time. 
 
 
Figure 6.3.79 Comparison of experimental (0.3 MPa) and analytical data of Young’s 
modulus for 90T as a function of aging time. 
 
 
Figure 6.3.80 Comparison of experimental (0.5 MPa) and analytical data of Young’s 
modulus for 90T as a function of aging time. 
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Figure 6.3.81 Weight (-lnW) between 0 and 100 h under 0.1 MPa for 90C as a function 
of aging time. 
 
 
Figure 6.3.82 Weight (-lnW) between 100 and 1,250 h under 0.1 MPa for 90C as a 
function of aging time. 
 
 
Figure 6.3.83 Weight (-lnW) between 1,250 and 4,000 h under 0.1 MPa for 90C as a 
function of aging time. 
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Figure 6.3.84 Comparison of experimental (0.1 MPa) and analytical data of weight for 
90C as a function of aging time. 
 
 
Figure 6.3.85 Comparison of experimental (0.3 MPa) and analytical data of weight for 
90C as a function of aging time. 
 
 
Figure 6.3.86 Comparison of experimental (0.5 MPa) and analytical data of weight for 
90C as a function of aging time. 
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Figure 6.3.87 Young’s modulus (-lnE) between 0 and 1,000 h under 0.1 MPa for 90C as 
a function of aging time.  
 
 
 
Figure 6.3.88 Young’s modulus (-lnE) between 1,000 and 8,000 h under 0.1 MPa for 
90C as a function of aging time. 
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Figure 6.3.89Comparison of experimental (0.1 MPa) and analytical data of Young’s 
modulus for 90C as a function of aging time. 
 
 
Figure 6.3.90 Comparison of experimental (0.3 MPa) and analytical data of Young’s 
modulus for 90C as a function of aging time. 
 
 
Figure 6.3.91 Comparison of experimental (0.5 MPa) and analytical data of Young’s 
modulus for 90C as a function of aging time. 
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For multidirectional laminates, the experiment results for 45T were evaluated. Figure 
6.3.92 shows the weight (-lnW) between 0 and 50 h under 0.1 MPa for 45T as a function 
of aging time. Figure 6.3.93 shows the weight (-lnW) between 197 h and 2,500 h under 
0.1 MPa for 45T as a function of aging time. Figure 6.3.94 shows the weight (-lnW) 
between 2,500 h and 8,000 h under 0.1 MPa for 45T as a function of aging time. 
Obtained slop values were used to analyze the weight change for each reaction stage. 
Figure 6.3.95 through Fig. 6.3.97 show the comparison of experimental and analytical 
data of the weight change for 45T for each applied pressure as a function of aging time. 
In the first stage of the change in weight could be described the weight increase due to 
increasing pressure with increasing aging time. In the second stage for the tendency of 
the decrease in weight could also be described by analytical model for increasing 
pressure case. On the other hand, the third stage for the decrease in weight could not be 
described by the analytical model. Thus the rate constant for thermo-oxidative 
degradation in weight change for 45T in the later aging time could not only evaluated as 
chemical reaction. The change in weight for 45T was not a function of pressure ratio.   
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Figure 6.3.92 Weight (-lnW) between 0 and 50 h under 0.1 MPa for 45T as a function of 
aging time. 
 
 
Figure 6.3.93 Weight (-lnW) between 197 h and 2,500 h under 0.1 MPa for 45T as a 
function of aging time. 
 
 
Figure 6.3.94 Weight (-lnW) between 2,500 h and 8,000 h under 0.1 MPa for 45T as a 
function of aging time. 
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Figure 6.3.95 Comparison of experimental (0.1 MPa) and analytical data of weight for 
45T as a function of aging time. 
 
 
Figure 6.3.96 Comparison of experimental (0.3 MPa) and analytical data of weight for 
45T as a function of aging time. 
 
 
Figure 6.3.97 Comparison of experimental (0.5 MPa) and analytical data of weight for 
45T as a function of aging time. 
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On the contrary, the shear modulus could be described as a first-order reaction in all 
aging time. Figure 6.3.98 shows the shear modulus (-lnG) between 0 and 8,000 h under 
0.1 MPa for 45T as a function of aging time. In the figure, change in shear modulus was 
linear as a function of aging time up to 8,000 h. Figure 6.3.99 through Fig. 6.3.101 show 
the comparison of experimental and analytical data of shear modulus for 45T for each 
applied pressure as a function of aging time. The decrease in shear modulus by 
increasing pressure could be analyzed with using the model. Thus the rate constant for 
thermo-oxidative degradation in shear modulus change for 45T was also dominated by 
chemical reaction and a function of pressure ratio.   
 
Figure 6.3.98 Shear modulus (-lnG) between 0 and 8,000 h under 0.1 MPa for 45T as a 
function of aging time. 
 
 
Figure 6.3.99 Comparison of experimental (0.1 MPa) and analytical data of shear 
modulus for 45T as a function of aging time. 
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Figure 6.3.100 Comparison of experimental (0.3 MPa) and analytical data of shear 
modulus for 45T as a function of aging time. 
 
 
Figure 6.3.101 Comparison of experimental (0.5 MPa) and analytical data of shear 
modulus for 45T as a function of aging time. 
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for each applied pressure in both the first stage and the second stage. Thus the rate 
constant for thermo-oxidative degradation in the ’ of 90C was also dominated by 
chemical reaction and a function of pressure ratio. For latter aging time, the difference 
between experimental and analytical results increased with increasing aging time. For 
these aging period, shrinkage behavior in the surface almost completed.  
 
 
Figure 6.3.102 Relative shrinkage coefficient (-ln’) between 100 h and 290 h under 0.1 
MPa for 90C as a function of aging time. 
 
 
 
Figure 6.3.103 Relative shrinkage coefficient (-ln’) between 290 h and 1,000 h under 
0.1 MPa for 90C as a function of aging time. 
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Figure 6.3.104 Comparison of experimental (0.1 MPa) and analytical data of relative 
shrinkage coefficient for 90C as a function of aging time. 
 
 
Figure 6.3.105 Comparison of experimental (0.3 MPa) and analytical data of relative 
shrinkage coefficient for 90C as a function of aging time. 
 
 
Figure 6.3.106 Comparison of experimental (0.5 MPa) and analytical data of relative 
shrinkage coefficient for 90C as a function of aging time. 
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change, the absolute value of reaction rate k in the first stage was greater than those of 
the second and third stage in neat resin and CFRP. This result suggested that the rate of 
reaction between R• and oxygen in propagation step was greater than that of termination 
step. The factor n in the first stage for all specimens was also greater that of the later 
stages. This results suggested that R• was sufficiently generated at 180 ºC. The rate of 
reaction between R• and oxygen was accelerated by increasing partial oxygen pressure. 
On the contrary the n in the second and third stage for weight change were smaller than 
that of the first stage. Thus the reaction between peroxyl radicals RO2• in termination 
step, and the decomposition of hydroperoxide were relatively less sensitive to 
increasing pressure. Test results showed that the accelerated aging test technique by 
means of increasing pressure could accelerate the change in weight, modulus, and 
shrinkage behavior. However no uniform acceleration ratio for all properties and for all 
aging time was obtained from the test result. The decrease rate in strength by increasing 
pressure was greater than those of weight, modulus, and shrinkage behavior. Thus the 
strength reduction in CFRP was affected not only chemical reaction but also resultant 
damage onset.  
When some properties were evaluated with accelerated aging testing at the first time, 
the result of no accelerated aging test still needed. Once a data base of accelerated aging 
test result was obtained for a CFRP, by increasing pressure, accelerated aging test could 
evaluate deterioration of CFRP properties with short period. For further understanding 
of the effect of accelerated aging on CFRP properties, especially mechanical properties, 
some models for thermo-oxidative damage progress would be needed.  
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Table 6.3.1 Obtained reaction rate k and factor n for pressure ratio for each property. 
 
 
 
Table 6.3.2 Aging period for each reaction stage. 
 
 
6.4 Conclusions 
In order to develop accelerated aging test technique with increasing pressure, the 
change in weight and fracture toughness were investigated for the PCy neat resin. The 
change in weight, damage initiation and progress, mechanical properties, and matrix 
shrinkage deformation were also investigated for the CFRP with PCy.  
k  ×10-6 n k  ×10-6 n k  ×10-4 n
1 -10 1.5 - - - -
2 0.8 0.7 - - - -
3 0.4 1.4 - - - -
1 -10 1.1 8.0 1.5 - -
2 2 0.4 - - - -
3 0.6 0.1 - - - -
1 -8 0.8 -60 1.1 - -
2 2 0.2 10 1.7 - -
3 1 0.0 - - - -
1 -10 1.2 -70 0.6 -52 0.9
2 2 0.0 20 0 -6 0.4
3 1 0.3 - - - -
1 -10 0.3 60 0.9 - -
2 0.9 0.0 - - - -
3 - - - - - -
Modulus Shrinkage behavior
Reaction stageID
SENB
 (Neat resin)
0T
90T
90C
45T
Weight
0.1 MPa 0.3 MPa 0.5 MPa 0.1 MPa 0.3 MPa 0.5 MPa 0.1 MPa 0.3 MPa 0.5 MPa
1 0～197 h 0～150 h 0～150 h - - - - - -
2 290～4,000 h 150～665 h 100～500 h - - - - - -
3 4,000～8,000 h 665～2,000 h 500～2,000 h - - - - - -
1 0～197 h 0～75 h 0～50 h 0～8,000 h 0～2,000 h 0～2,000 h - - -
2 197～3,500 h 75～500 h 50～700 h - - -
3 3,500～8,000 h 500～2,000 h 700～2,000 h - - -
1 0～100 h 0～75 h 0～50 h 0～500 h 0～1,000 h 0～200 h - - -
2 100～2,000 h 75～600 h 50～400 h 500～8,000 h 1,000～2,000 h 200～2,000 h - - -
3 2,000～8,000 h 600～2,000 h 400～2,000 h - - - - - -
1 0～197 h 0～50 h 0～50 h 0～1,000 h 0～1,000 h 0～400 h 0～290 h 0～100 h 0～400 h
2 197～2,000 h 50～500 h 50～400 h 1,000～8,000 h 1,000～2,000 h 400～2,000 h 290～1,000 h 100～400 h 100～400 h
3 2,000～8,000 h 500～2,000 h 400～2,000 h - - - - - -
1 0～197 h 0～300 h 0～200 h 0～8,000 h 0～2,000 h 0～2,000 h - - -
2 197～2,500 h 300～900 h 200～600 h - - - - - -
3 2,500～8,000 h - - - - - - - -
Modulus Shrinkage Behavior
ID
Reaction
Stage
0T
90T
90C
45T
SENB
 (Neat resin)
Weight
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Form the results, conclusions obtained are as follows.  
1) Accelerated aging test by means of increasing pressure for PCy neat resin, it could 
accelerate the decrease in weight. On the other hand, fracture toughness of the PCy was 
not accelerated by increasing pressure. Superficial phenomena of autoxidation reaction 
for neat resin caused no acceleration for fracture toughness change.  
2) For the weight change, the degree of thermo-oxidative degradation could not be 
evaluated with only change in weight after a certain time. Thus the rate of the weight 
change must be analyzed.  
3) The manners of damage initiation and progress were same in each CFRP laminates 
compared with that of atmospheric air condition. Fiber/matrix debonding and matrix 
crack onset were observed earlier in aging time than that of atmospheric air condition. 
The rate of shrinkage deformation was accelerated  
4) The increase in relative shrinkage coefficient ’ could be achieved with short aging 
time. The saturation level of ’ increased with increasing pressure. It would cause the 
autoxidation occurred in deeper position of the matrix. 
5) The change in strength and modulus could be achieved with short aging time by 
increasing pressure. 
6) The rate of the change in weight, modulus, and relative shrinkage coefficient was 
dominated by first-order chemical reaction in each reaction stage. The change in weight, 
modulus, and relative shrinkage coefficient could be accelerated by increasing pressure.  
7) For further understanding of the effect of increasing pressure on CFRP properties, 
some model for thermo-oxidative damage progress would be needed. 
 
 
Reference 
[6-1] T. W. Dakin. Electrical insulation deterioration treated as chemical rate 
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CHAPTER 7 Conclusions 
 
 
In this study, thermo-oxidative degradation and resultant mechanical properties were 
studied through long-term high temperature exposure in air to polycyanate ester (PCy) 
neat resin and their CFRP. Moreover accelerated aging technique by means of 
increasing pressure was also studied to reduce screening and evaluation periods or time 
for candidate materials which might appear in near future. 
Figure 7.1 shows the flow chart of thermo-oxidative degradation for polycyanate 
CFRP. 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.1 Flow chart of thermo-oxidative degradation for polycyanate CFRP. 
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At first, the PCy neat resin was exposed at 180 °C in air to reveal the effect of high 
temperature exposure on chemical structure, physical property, and fracture toughness 
for the PCy. When the PCy resin was exposed at 180 °C under atmospheric pressure, the 
formation of carbonyl groups were confirmed by Fourier transformed infrared 
spectroscopy (FTIR) with attenuated total reflection (ATR) system. The carbonyl groups 
only formed on the resin surface. This result suggested that autoxidation reaction 
occurred at the exposed surface of the PCy resin. Because of autoxidation reaction, the 
weight of PCy resin increased in the first 500 h due to oxygen incorporation in the 
macromolecular, and then decreased up to 8,000 h due to disappearance of volatile 
compounds and chain scission of macromolecular. The sample weight first increased 
and then decreased was related to lower reaction rate of decomposition for 
hydroperoxide. Thus the behavior of weight change such as weight increase then 
decrease indicated thermal stability on weight of PCy resin at the exposure temperature. 
The decrease in the weight percent after 8,000 h was 0.29 % and the PCy resin had a 
thermal stability on weight change. The fracture toughness (KIC) which was a parameter 
dominating interlaminar fracture toughness of the CFRP was also investigated by three 
point bending test with single-edge-notch bending (SENB) specimen. The  result 
obtained revealed the KIC decreased after 100 h, and then the KIC was hardly changed up 
to 8,000 h. The result indicated that matrix embrittlement due to thermo-oxidative layer 
evolution would be small for the bulk property of the PCy neat resin.  
For the CFRP with PCy, it also showed a thermal stability on the weight change at 
180 °C in air up to 8,000 h. The weight also increased in the first aging period and 
then decreased with increasing aging time. To investigate the anisotropic behavior of the 
weight for the CFRP, three types of specimen were used. As a result, the weight flux qξ 
and qη show that these weight flux? of exposed free edge surfaces perpendicular and 
parallel to fiber decreased even though weight flux from the top and bottom surface qζ 
increased in the first 197 h. After 385 h the qξ increased with increasing aging time. 
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From microscopic observation, fiber matrix debonding and matrix cracking were 
observed. It caused weight increase due to autoxidation reaction between unreacted core 
and oxygen. The weight change models with the results of weight change for specific 
sample shapes could depict the weight increase and decrease tendency for unidirectional 
composites with arbitrary shape. The model considering anisotropy of weight flux well 
predicted the anisotropic weight change behavior of the composites under 
thermo-oxidative environment. The weight change models for angle-ply and 
quasi-isotropic laminates (NHC and OHC) can also predict the initial weight change in 
each specimen. However, in the latter aging period, the predictions based on these 
models were not consistent with experimental results. This result suggested that the 
specific mechanism for the decreasing weight of angle-ply, NHC, and OHC would exist.  
From the soft X-ray radiography, fiber/matrix debonding and subsequent matrix 
cracks occurred on the exposed top and bottom surface. The fiber/matrix debonding and 
matrix cracks were induced by matrix shrinkage. The matrix shrinkage was caused by 
cross linking due to autoxidation. In the case of multidirectional laminate, the shrinkage 
deformation of the layer in the CFRP was restrained by adjacent layer. The deformation 
restraint resulted in tensile stress generation in-plane direction. Finally the tensile stress 
caused by deformation restraint induced the fiber/matrix debonding onset in early 
period of time. These stress restrained induced matrix cracks not only in the surface but 
also in the side surface of the interlaminar region and 90° layer. The local shrinkage 
deformation between fibers also affected fiber/matrix debonding onset. To investigate 
local shrinkage behavior, the shrinkage deformation was measured with confocal laser 
microscopy (CLM). The result showed that the matrix profile and matrix shrinkage 
depth was influenced by fiber orientation angle, fiber-to-fiber distance, aging time, and 
applied pressure. The relative shrinkage coefficient ’ which represented matrix 
shrinkage tendency was in the order of 90º layer, 45º layer, and 0º layer. The aging time 
for fiber/matrix damage onset was also the same order. The maximum width of crack 
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area for each laminate was also the same order. The matrix shrinkage caused peel stress 
onset at fiber/matrix interface and peel stress affected the aging time of fiber/matrix 
debonding appearance which was the first damage in laminate. It would be caused by 
the difference of continuous fiber/matrix interface direction. Moreover the fiber/matrix 
debonding might lead to further increase in diffusion rate of oxygen.  
From the mechanical test results, the damage of fiber/matrix interface severely 
affected strength retention. For unidirectional laminates, the transverse tensile strength 
(90T) sharply decreased after 100 h due to fiber/matrix debonding and matrix crack 
onset on the exposed free edge surface. For multidirectional laminates, fiber/matrix 
debonding and matrix cracks preferentially appeared in exposed top and bottom 
surfaces, and interlaminar and 90° layer of side surface. In particular, the damage from 
exposed top and bottom surface progressed in the thickness direction and penetrated to 
under layer with increasing aging time. Once reaching under layer, the crack also 
propagated along each fiber direction in the in-plane direction. This behavior resulted in 
local delamination onset and spontaneous ply separation occurred in the 
multidirectional laminates. These damages not only reduced mechanical properties but 
also caused larger discrepancy of weight change between experimental result and the 
weight change model. These damages caused the increase in surface area of unreacted 
core and resulted in the larger weight increasing in the first aging period and faster 
weight decreasing in the latter aging period. In compressive loading, the damage from 
exposed top and bottom surface significantly affected the buckling onset for ply and 
resultant the compressive strength retention for NHC and OHC decreased. The change 
in the critical energy release rate (Gc) for delamination onset which was obtained from 
angle-ply tensile test (45T) result sharply decreased after 1,000 h. On the contrary, the 
fracture toughness of neat resin did not change after 100 h up to 8,000 h. These results 
suggested that the fiber/matrix interface was severely degraded due to thermo oxidation. 
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Thus the damage extension along thickness direction is more important than that of the 
in-plane direction. 
From the detail observation of damage initiation and progress during accelerated 
aging, the damage initiation such as fiber/matrix debonding was accelerated and no 
change was observed in the manner of damage progress. Therefore, by means of 
increasing pressure, accelerated aging test could be conducted without the change in 
damage mechanism. The results of the accelerated aging tests in strength suggested that 
the short evaluation period could be achieved by increasing pressure.  
Weight, modulus, and shrinkage behavior are considered to be more dominated by 
chemical structural change due to thermo-oxidative degradation. Figure 7.2 shows the 
effect of autoxidation reaction on weight, modulus and relative shrinkage coefficient for 
CFRP. 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.2 Effect of autoxidation reaction on weight, modulus and relative shrinkage 
coefficient for CFRP. 
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The change in weight of the PCy neat resin and unidirectional laminates could be 
described as first-order chemical reaction for each reaction stage. The rate of weight 
change for each applied pressure was dominated by n-th power index in pressure ratio. 
In other words, the weight change mechanism was basically same irrespective of 
pressure. 
On the other hand, from the accelerated aging test results for the multidirectional 
CFRP laminates, the change in weight for early aging period could be accelerated by 
increasing pressure. The change in weight for later aging period could not be 
accelerated by increasing pressure. This phenomenon would be attributed to faster 
fiber/matrix debonding and subsequent the reaction of weight gain occurrence. 
The change in modulus and ’ could also be accelerated by increasing pressure. The 
change of both values could be described as first-order chemical reaction for each 
reaction stage. These rates of change were also dominated by n-th power index in 
pressure ratio.  
The n for first reaction stage related to reaction between radical R• and oxygen. The 
n for second or third reaction stage related to the reaction between peroxyl radicals 
RO2• in termination step, and the decomposition of hydroperoxide RO2H. The n for first 
reaction stage was greater than that of second and third reaction stage. Thus the rate of 
reaction between R• and oxygen was accelerated by increasing partial oxygen pressure. 
On the other hand, the reaction between peroxyl radicals RO2• in termination step, and 
the decomposition of hydroperoxide were relatively less sensitive to increasing pressure. 
Uniform acceleration ratio through all properties and all aging time were not obtained 
from the test results. Moreover, the decrease rate for strength by increasing pressure was 
greater than those of weight, modulus, and shrinkage. Thus the strength reduction in 
CFRP was affected by not only chemical reaction but also resultant damage onset. For 
further understanding of the effect of accelerated aging by increasing pressure on CFRP 
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properties, especially mechanical properties, precious models for thermo-oxidative 
damage progress would be needed. 
As a future work, the mechanism of thermo-oxidative degradation in CFRP will be 
continuously investigated both experimentally and analytically.  
To reveal the effect of constraint stress on fiber/matrix debonding onset and matrix 
cracking propagation, unidirectional laminates will employ isothermal aging test under 
constant loading conditions to simulate a stress due to shrinkage deformation constraint.  
To analyze the fiber/matrix debonding onset, the fiber/matrix interfacial property 
must be obtained. To do this, single fiber pull-out test after isothermal aging test will be 
carried out to find the effect of fiber/matrix interfacial shear strength reduction on 
fiber/matrix debonding mechanism. A model will be also established to analyze 
fiber/matrix debonding onset. At first, matrix shrinkage will be analyzed with kinetic 
equation of autoxidation scheme. As second, the matrix shrinkage induced stress will be 
analyzed with finite element analysis. From the point of view, damage progress such 
fiber/matrix debonding and matrix cracking in thermo-oxidative degradation will be 
studied. Finally coupled reaction-diffusion-mechanics model will be established.  
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